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ABSTRACT

Estradiol-17B has been shown to stimulate glucose
transport, measured by phosphorylation of 2-deoxyglucose, and
stimulate DNA synthesis, as measured by 3H-thymidine
incorporation, In rat uterus in vivo. Attempts to demonstrate
these responses in uterine cells in primary culture and in
uterine tumor cells In culture have been unsuccessful. These
observations led to the hypothesis that some responses to
estradiol are mediated through the local action of peptide
factors. Acid extracts of rat, bovine and rabbit uterus
stimulated glucose transport and DNA synthesis in uterine
tumor cells and in primary cultures of rat uterine cells. The
stimulation of glucose transport was of the same magnitude
(1.5-to 3.0-fold) and followed the same time course (maximum
stimulation at 2-3 h) as estradiol stimulation in vivo. Uteri
from estradiol treated rats contained 4 times more glucose
transport-stimulating activity as did control rat uteri. The
activity was acid and heat stable, was inactivated by trypsin,
but not removed by dextran-coated charcoal treatment. The
activity eluted in 6-12 kDa range on Sephadex G-50. DNA
synthetic activity in rat uterine homogenates was elevated 3fold within 18-24 h after estradiol injection and remained
elevated with subsequent Injections. The growth-promoting
activity was acid and heat stable, was reduced by trypsin but
not reduced by treatment with dextran-coated charcoal. Gel
filtration showed molecular weight heterogeneity with activity
eluting at MW 10,000-30,000. The effect of purified growth
factors on DNA synthesis in primary cultures of rat uterine
cells was examined. Epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF), and transforming growth
factor-B (TGFB) had no effect on 3H-thymidine incorporation
under optimal conditions of incorporation. Relaxin and
iV

multiplication stimulating activity (MSA) demonstrated a
stimulatory effect only at high concentrations, 207% of control
at 100 |ag/ml and 175% of control at 100 ng/ml, respectively.
Insulin stimulated incorporation 350% at 100 ng/ml, insulinlike growth factor-l (IGF-I) stimulated incorporation 300-400%
at 10-100 ng/ml, and platelet-derived growth factor (PDGF)
stimulated incorporation 450% at 3 units/ml. When the positive
effectors (insulin, IGF-I, MSA, and PDGF) were analyzed either
combined or individually in the presence of uterine extract, the
level of stimulation was greater than the maximum stimulation
observed with extract alone and approached that seen with 10%
serum. Uterine extracts from estradiol treated and control rats
were analyzed for IGF-I by radioimmunoassay. IGF-I was
elevated 500-1000% in estradiol treated extracts relative to
control levels. In summary, estradiol increases the growthpromoting activity and glucose transport-stimulating activity
of uterine extracts. IGF-I was a positive stimulator of DNA
synthesis in primary uterine cultures and was elevated in
uterine extracts. This growth factor may be involved in the
stimulation of DNA synthesis In rat uterus by estradiol.
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CHAPTER I
INTRODUCTION

Early studies on the mechanism of estrogen action
concentrated on seeking a primary event induced by this
hormone. Observations of uterine hypertrophy and hyperplasia
as a result of exposure to follicular hormones were reported as
early as 1924 (1,2). Since then, investigators using a variety of
techniques have reported a large number of responses to
estrogen. This has resulted in a detailed account of estrogeninduced uterine effects with respect to time after hormone
exposure (3).
The entire estrogen stimulated growth process Is
characterized by a sequential stimulation of protein, DNA and
all classes of RNA. Some estrogen stimulated responses include
induced glucose (4-7) and amino acid transport (8), induced RNA
polymerase I and II activities (9,10), and induction of enzymes
such as ornithine decarboxylase (11) and glucose-6-phosphate
dehydrogenase (4). The sequential nature of estrogen action
results in the division of early and late responses with early
responses reflecting the cells' need for increased energy and
metabolites. The late response is characterized by a general
increase in protein, RNA and DNA synthesis and cell division
(12,13). It Is assumed that estrogen interaction in the nucleus
stimulates a cascade of events which eventually result in DNA
synthesis and cell division in the uterus. However, the specific
estrogen induced biochemical events that are required to
stimulate DNA synthesis have yet to be defined.
Discovery of a high-affinity receptor (14) for estradiol and
its translocation to the nucleus (15,16) were key events In
elucidating the molecular mechanism of estrogen action. It is
now generally accepted that estradiol diffuses through the cell
membrane and combines with the intracellular receptor.
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Initially the receptor was thought to reside in the cytoplasm;
however, recent studies employing immunological (17) and cell
fractionation (18) techniques have provided evidence that
unoccupied receptor is found in the nucleus. Regardless of
receptor location, it remains clear that hormone binding to its
receptor causes an activation and transformation that is
characterized by physical changes in the receptor protein
(19,20). Once activated, the hormone-receptor complex becomes
associated with specific regions of chromatin and DNA. The
nuclear binding leads to transcription of specific genes and
translation of specifically induced proteins (21,22). This model
of hormone action is consistent with many observed responses
and Is supported by a large amount of experimental evidence.
In spite of the advances In the understanding of the
mechanism of steroid hormone action, many of the aspects of
estrogen regulation are still not well characterized. Although
receptor binding and enhanced transcription are certainly
involved, other aspects of regulation are just beginning to be
understood. Of particular interest for this dissertation is the
role of autocrine/paracrine peptide factors in estrogen induced
responses (23). The work described herein is concerned with
the role of peptide factors in two estrogen induced responses:
the stimulation of glucose transport and the stimulation of DNA
synthesis. These responses are discussed in greater detail
below.
The ability of estrogen to stimulate uterine glucose
metabolism has been known for many years. Barker and Warren
(4) demonstrated a biphasic pattern of glucose utilization with
an initial peak at 2 h after estradiol administration that returns
to control levels by 6 h and a second rise at 12-24 h. Hexose
monophosphate pathway enzymes and hexokinase were constant
in amounts until 4-6 h after estradiol administration. The
authors suggested that the biphasic nature of glucose
utilization may represent more than one mechanism of estradiol

regulation and that the early peak of glucose utilization may
reflect an estradiol effect on glucose transport while the later
peak may reflect increased synthesis or Increased activity of
glucose metabolizing enzymes.
Glucose uptake is mediated by facilitated diffusion and is
regulated by a variety of hormones, envlromental factors and
metabolic conditions (24). The glucose transporter protein from
human red blood cells has been purified and functionally
reconstituted in artificial systems (25,26). Rat uterine glucose
transporter protein is of similar molecular weight as human
erythrocyte transporter protein and antibodies raised against
the human erythrocyte transporter crossreact with the rat
uterine form (6). Thus the proteins are believed to be similar.
Evidence supporting an estradiol effect on glucose
transport was provided by several investigators (27,28). They
reported a 2-fold increase in the initial rate of 3-0methylglucose uptake after estradiol administration. Smith and
Gorski (29) reported the same effect of estradiol on glucose
transport using radiolabeled 2-deoxyglucose. Both reports
indicated that the estradiol effect on glucose transport is
characterized by an increase in Vmax with no change in Km. More
recent studies by Meier and Garner (5), utilizing rat uterine
plasma membranes, have confirmed the kinetic effect of
estradiol on glucose transport. In addition, by employing
radiolmmunologlcal techniques, they have shown the effect of
estradiol is not a result of alteration In the amount of glucose
transporter protein. This would suggest the estradiol effect is
a result of intrinsic regulation of glucose transporter activity.
In order to investigate the Intrinsic regulation of glucose
transporter protein, an in vitro model using rat uterine cells in
primary culture or hamster uterine carcinosarcoma cells in
culture was employed. When the culture system was exposed to
estradiol, using a variety of conditions and concentrations, no
stimulation of glucose transport was consistently observed.
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The differences between the observations of the estradiol
effect in vivo and the effect in vitro represented a paradox that
had previously been observed with another estrogen end point,
i.e., DNA synthesis.
The rat uterus has proven to be an excellent animal model
to study the effect of 173-estradiol on DNA synthesis. Previous
studies have shown that rats, 20 days or older respond to a
single injection of 17B-estradiol with increased uterine wet
weight (1.6-fold), Increased RNA content (2.1-fold) and an
increased rate of 3H-thymidine incorporation into DNA (2.0fold).
Time course studies (30) of 3H-thymldine incorporation
after a single injection of estradiol show a detectable increase
at 18 h, a peak at 24 h and eventual decline to control values at
32-36 h. Estradiol-induced DNA synthesis (31) is observed most
in the uterine epithelial tissue with mitotic Indices of 100tol 50-fold. Labeling in the stroma and myometrium is much
less with values 10-fold control. Uteri of rats less than 20
days old show no increase in uterine DNA synthesis even though
estrogen receptors are present and capable of being
translocated to the nucleus. The latter observation indicates
that a complete system for estrogen stimulation of DNA
synthesis and uterine growth may require more than hormone
and a translocatable receptor (30,31).
Estradiol stimulation of DNA synthesis in immature rats
has been correlated to long term nuclear retention of hormonereceptor complexes (32-34) and characteristic effects on RNA
and DNA polymerases. Short acting estrogens such as estriol
and 16-alpha-estradiol are as effective as 17B-estradlol in
stimulating early uterotrophic responses but are unable to
stimulate uterine growth at 24h. The absence of uterine growth
by estriol correlates to its short residence time in the nucleus
(35) and the inablitiy to sustain activation of RNA and DNA
polymerases (36,37).
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Administration of hormone and evaluation of in vivo
responses has expanded our understanding of the mechanism of
estrogen induced DNA synthesis. However, In vivo approaches
are limited in number and scope of experimental permutations.
Therefore researchers have attempted to establish In vitro
conditions to test estrogen effect on uterine cells in a tissue
culture environment. The results have been conflicting and
disappointing.
Primary cell cultures prepared from rat uterus have been
shown to contain receptors that specifically bind estrogen and
are translocated to the nucleus (38-40). Reports of estrogen
responsiveness in cultured uterine cells result from estrogens
ability to stimulate such actions as membrane alterations
(39,41), induction of specific uterine protein (IP) (42), Induction
of alkaline phosphatase activity (43), and induction of
progesterone receptor (44). However, when DNA synthesis or
cell proliferation as a result of estradiol action is analyzed, the
results are conflicting (40,41,45-51). Cultures from other
estrogen responsive tissues such as vaginal and mammary
tissue have not provided a clearer picture of the mitogenic
action of estrogen (52-55). Human breast cancer cells,
established in clonal cell lines, have shown a direct
proliferative response to physiological doses of 17B-estradiol
in vitro but only In the presence of a low concentration of
steroid-free serum (56-59).
The ability of estradiol to stimulate glucose transport LQ
vitro was tested in primary cultures of rat uterus and in
hamster uterine carcinosarcoma cells. No effect of estradiol
could be demonstrated. Organ cultures of rat uterus treated
with estradiol gave the same lack of transport stimulation.
When considering the evidence of estrogen action in various
target tissues in vitro, there appears to be a paradox that is
best explained (assuming a competent and functional receptor
system) by the existence of undefined factors that are either

not present in culture or are so diluted by the surrounding media
that their role in estrogen stimulated responses such as glucose
transport and DNA synthesis is obscured.
Several theories have been expounded to explain the
discrepancy between in vivo and in vitro observations. A model
of negative control (60,61) has been proposed which states that
proliferation is a constitutive and dominant property of all
cells. Under physiological conditions cells are inhibited from
entering the proliferative phase of the cell cycle and that
estrogen induces the secretion of factors that cancel the
inhibition by either a direct or Indirect mechanism.
Positive control of cell proliferation (62-64) is described
by the existence of factors that are produced in a variety of
tissues in response to estrogen and act through an endocrine
mode to stimulate cell proliferation. A variation of the positive
control model (65,66) depicts regulation of cell growth through
the autocrine and/or paracrine action of growth factors
secreted from the cell or surrounding tissue. The secretion of
growth factors are under steroidal regulation.
Positive control of cell proliferation addresses the
possibility that there is a substance or substances which are
secreted by the uterus in the presence of estradiol. This
substance(s) could then activate glucose transport and initiate
DNA synthesis. It could be a novel peptide or peptide normally
associated with the uterus or other tissue. However, for the
substance(s) to be considered an intermediate In estrogen
responses, the following criteria would have to be
demonstrated: 1) it must be found In estrogen responsive
tissues, 2) it must appear in these tissues in increased
amounts after treatment with estrogen, 3) it must be secreted
into the appropriate space (blood or interstitial fluid, 4) it
must mediate estradiol actions in appropriate cells both jn vitro
and in vivo, and 5) it must have receptors on responsive cells
with the appropriate specificity. The goal of the research
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described herein was to determine if the uterus responds to
estradiol by producing a substance(s) that can act as an
intermediate in stimulating glucose transport and DNA
synthesis and to Identify and characterize the substance(s).
Estrogen-induced growth factor activity has been found in
crude homogenates of rat uterus, liver and kidney (67,68).
Reports from a variety of sources suggest that multiple factors
are associated with the mitogenic property of crude uterine
homogenates (69-73). In addition, many peptide factors that
stimulate DNA synthesis in cultured cells also stimulate
glucose transport.
Studies on a variety of cultured animal cells (chick embryo
fibroblasts, SV-40 transformed 3T3 cells, mouse embryo
fibroblasts) have provided evidence that Increases in the rates
of glucose uptake are correlated with increases in the rates of
cell proliferation. Some of these studies have shown that
density dependent inhibition of growth is accompanied by a
decrease in glucose uptake (74), and that the initiation of
proliferation in quiescent fibroblasts by serum (75), proteolytic
enzymes (76) and insulin (77) brings about a rapid Increase in
glucose uptake. Also, cells transformed by chemicals or viruses
(78) show increased glucose uptake in relation to untransformed
cells.
Although increased glucose transport is normally
associated with Increased cell proliferation, it is neither
necessary nor sufficient for initiation of cell division.
Glucocorticoids added to density-inhibited 3T3 cells result in
increased proliferation with a decrease in glucose transport
(79). Conversly, addition of low levels of fresh serum to
density-inhibited 3T3 cells leads to a maximal increase in
glucose transport with no effect on DNA synthesis (80).
Cytochalasin B, an inhibitor of glucose transport, prevents
stimulation of glucose transport but does not effect stimulation
of DNA snythesis (81).
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Taken together, the results suggest that although the rates
of glucose transport are correlated with DNA synthesis, the two
responses are not coupled and not necessarily initiated by the
same set of molecular events. It is possible that in the uterus,
the factors that stimulate glucose transport have no effect on
DNA synthesis and vice versa.
Evidence for a role of paracrine/autocrine factors in
hormone mediated responses is provided from studies of
estrogen regulated tissue such as granulosa cells and estrogendependent breast tumor cells. Conditioned media from breast
cancer cells exposed to estradiol contain elevated levels of
several growth factors Including platelet-derived growth factor
(PDGF) (82), and transforming growth factor-B (TGF-B) (83,84).
TGF-B has an inhibitory achon on epithelial cells and its
secretion is depressed after estradiol treatment. Insulin-like
growth factor I (IGF-I) is secreted from breast cancer cells and
initially showed no hormonal regulation (84) but recent evidence
suggests estradiol induction of IGF-I in breast cancer cells (85).
The ovarian follicle, whose growth is regulated by
gonadotropins and estradiol, has been shown to secrete growth
factors. Porcine granulosa cells secrete IGF-I in response to
estradiol stimulation in vitro (86,87). In addition, granulosa
cells have been shown to secrete basic fibroblast growth factor
(bFGF) (88) and are regulated by TGF-B produced in the
surrounding theca cells (89). The role of steroid hormone in the
latter two observations has not been investigated.
Growth factors act to stimulate cell proliferation, hence
the term "growth factors," however, they may stimulate other
cellular processes, such as glucose transport. Regulation of
glucose transport In non-uterine cells by a variety of growth
factors has been reported. Insulin and IGF-I stimulate glucose
transport In Sertoli cells (90). EGF (91), PDGF (92) and TGF-B
(93) stimulate transport in 3T3 fibroblasts.
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In other mammalian cells such as BALB c/3T3 fibroblasts,
the effect of growth factors on the cell cycle has resulted In
the identification of a competence factor and a progression
factor. In GQ arrested 3T3 cells, PDGF induces a state of
competence so that cells may respond to a second set of growth
factors (progression factors). Among them are epidermal
growth factor which promotes competent cells to progress to
the G Q / G I boundary and IGF-I which allows them to traverse Gi
phase (94). It is not known if growth factors effect mammary
tumor and uterine epithelial cells with a similar effect on the
cell cycle; however. In breast cancer cells, estradiol shortens
Gi duration and promotes Gi to S phase transition resulting in
more and faster turnover of estradiol stimulated cells per cell
cycle (95).
Perhaps the most convincing evidence for estradiol
regulation of growth factors and their involvement in glucose
transport and DNA synthesis comes from Investigators who have
partially replaced estrogens effect with preparations of growth
factors. MCF-7 breast tumor cells are completely dependent on
estrogen for tumor formation in athymic mice. Conditioned
media from MCF-7 cells treated with estradiol was used as a
source of growth factor activity and was implanted in
ovariectomized athymic mice. Then MCF-7 cells were implanted
in mammary fat pads of each animal. Highly concentrated
conditioned media was nearly as effective as estradiol in
inducing tumor formation (96). Another in vivo study measured
the effect of TGF-B on mammary gland growth and development.
TGF-B is inhibitory for growth of mammary epithelium and its
secretion is decreased in estradiol treated MCF-7 breast tumor
cells (84). TGF-B was implanted in front of mammary gland end
buds and its effect on gland growth and development was
histologically examined. TGF-B implants had a local inhibiting
effect on mammary gland end bud growth (97). The implication
is that estradiol, by depressing TGF-B secretion, releases the
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developing mammary gland from growth inhibition. A third
study focuses on the relationship of uterine cell types and their
responsiveness to estrogen. Uterine epithelial cells lose their
estrogen responsiveness in vitro. However, when uterine
epithelial cells are added to stromal elements and grown as
grafts on the renal capsule of intact animals, they regain their
estrogen dependency and normal morphology (98). In the
neonatal rat, epithelial cells which are devoid of estrogen
receptors can be stimulated by estrogen to synthesize DNA. The
interpretation is that the proliferative response of the
epithelium is a result of trophic factors produced outside the
epithelial cells probably by the mesenchymal cells (99).
In summary, it is clear that estrogen causes a stimulation
of glucose transport and DNA synthesis In uterine cells in vivo
and that certain events associated with estrogen binding
(nuclear retention and induction of polymerases) are required
for a proliferative response to be realized. It is also clear that
in vitro uterine cells require more than estrogen binding to
become responsive to certain end points. Ample evidence exists
for the involvement of growth factors in estrogen stimulation
of cell proliferation, but what is lacking is a clear picture of
which factors are involved, what cellular events they effect and
how they are regulated by estrogen.

CHAPTER II
STIMULATION OF GLUSCOSE TRANSPORT
BY UTERINE EXTRACTS

Introduction
Glucose transport is regulated in reproductive organs by
estradiol (8, 27) and certain other hormones (100). In addition,
insulin (101), Insulin-like growth factor (90), epidermal growth
factor (91), transforming growth factor-B (93), follicle
stimulating hormone (102), and platelet-derived growth factor
(92), stimulate glucose transport in a variety of non-epithelial
tissues. The involvement of these factors in the regulation of
glucose transport In uterus has not been fully Investigated. Nor
is it clear how steroid hormones and peptide factors may
interact in their regulation of the transport process. But it is
clear that glucose transport plays a pivotal role in providing
energy for cellular growth responses to hormones and growth
factors.
Most studies of glucose transport regulation by estradiol
have been performed in vivo with rats. But because of certain
limitations of the in vivo model, an in vitro model was sought
which could allow manipulations not otherwise possible.
However, estradiol regulation of glucose transport in uterine
organ strips in culture, or in uterine cells in culture, has not yet
been demonstrated But it has been observed that aqueous
extracts of uterus from several species contain one (or more)
substance(s) which can stimulate glucose transport. Results
described in this section involve the characterization of this
response and determination of its role In the action of estradiol.
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Materials and Methods
Animals
Sprague-Dawley rats were obtained from Small Animal
Supply Co., Omaha, NE (USA), at 160-180 g. Ovariectomy was
accomplished through a dorsal incision while the rats were
under light ether anesthesia. Animals were not used until 3
weeks after surgery.

Materials
Estradiol-17B, Dulbecco's Modified Eagle (DME) Medium
(powdered form, containing 1 mg/ml glucose), Dulbecco's
Phosphate-Buffered Saline without calcium or magnesium (PBS),
fetal bovine serum (FBS), amphotericin B and gentamycin sulfate
were obtained from Sigma Chemical Co., St. Louis, MO (USA).
Sera were treated twice with dextran (0.05%) and charcoal
(0.5%) for 1 h at 37° before use. Frozen rabbit uterus and bovine
uterus was obtained from Pel-Freeze, Rogers, AR (USA). Tissue
culture flasks, dishes and pipettes were obtained from Falcon or
Corning. [^H]-galactose (25 Ci/mmol) and [^H]-2-deoxyglucose
(58 Ci/mmol) were obtained from ICN Radiochemicals, Irvine,
CA (USA). Sephadex G-50 standard proteins, obtained from
Sigma Chemical Co., were blue dextran (mol wt > 2 x 10^),
carbonic anhydrase (mol wt 29 kDa), cytochrome c (mol wt 12.4
kDa) and aprotlnin (mol wt 6.5 kDa). Other reagents were
obtained from usual sources at the highest grade available.

Cell Culture
Uterine carcinosarcoma (UCS) cells, isolated from
estrogen-induced tumors in the Syrian hamster (103), are
believed to have arisen in the stroma and were provided kindly
by Dr. D.A. Sirbasku, University of Texas Health Sciences Center
at Houston, TX (USA). Stock cultures were stored in liquid
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nitrogen. Working cultures were grown in 75 cm^ culture
flasks, removed with trypsin (1 mg/ml) and EDTA (1 mM) in
isotonic phosphate-buffered saline (PBS) having no calcium or
magnesium. Cells were then plated in 24-well culture dishes (5
X 10^ cells per well) for 2 days in DME medium containing 2.2 g
NaHCOs, fetal bovine serum (10% v/v), gentamycin sulfate (50
mg/l) and amphotericin B (2.5 mg/l). Medium was then changed
to DME medium without serum for 2 days. Each well contained
about 1 x 1 0 ^ cells and about 2.7 |ig DNA. All cultures were
grown in 6% CO2. Stock cultures were replaced from frozen
stocks approximately every 4 months. Cultures were checked
monthly for mycoplasma contamination by the fluorescent DNA
stain method of Hessling et al. (104).

Rat Uterine Cells in Primary Culture
Uterine cells from ovariectomized rats were prepared as
described by Muller and Wotiz (38) except that 2.5 mg/ml collagenase was used instead of 1 mg/ml. Cell viability, measured
by exclusion of trypan blue was typically 90% although plating
efficiency was low. Cultures were washed with medium
containing 10% fetal bovine serum after 24 h and grown in this
medium for 4 days. After the 4th day, the cells were washed
with DME without serum and kept in this medium for up to 2
days before glucose transport measurement. Cells were
typically fibroblast-like with colonies of epithelial-like cells
interspersed throughout. The epithelial-like cells disappeared
from the culture by day 4. Cells which persisted for longer than
4 days are believed to be mainly of myometrial origin. The cells
contained receptors which could bind estradiol (approximately
10 fmol estradiol bound per ^g DNA) throughout the culture
period. The estradiol binding could be prevented by the presence
of unlabeled diethylstilbestrol, tamoxifen or nafoxidlne but not
by uterine homogenates. Cells could be cultured for at least two
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weeks, although they were always used within 8 days of plating.
The cultures were obviously heterogeneous by colony
morphology.

Glucose Transport Assays
Glucose transport was estimated by measurement of the
accumulation of galactose or 2-deoxyglucose as the 6phosphates in cell monolayers in 24-well plates. After the
cells were in medium for 2 days without serum, the medium was
replaced with fresh medium without serum and other substances
were added as indicated. After Incubation at 37° for an
appropriate time period, usually 4 h, medium was removed and
0.2 ml PBS containing either 0.1 mM pHJ-galactose (33 nCi) or
0.1 mM [3H]-2-deoxyglucose (33 nCI) was added at room
temperature. Transport rates were proportional to
concentration in this concentration range. After an incubation
for 10-30 min, the medium was removed with suction and the
cells were washed with 1 ml of cold PBS 3 times. Insignificant
amounts of non-phosphorylated sugar remained after the
washes. Phosphorylated sugar remained in the cells and did not
leak upon repeated washes. Cells were then dissolved in 0.5 ml
0.1% SDS and the radioactivity was determined after
transferring the solution to a scintillation vial containing 5 ml
of BetaPhase (Westchem, San Diego, CA) scintillation fluid. The
rate of uptake of each sugar was shown to be linear with time
during the incubation times used. Incorporation extrapolated
back to zero at zero time. One unit of activity is defined as the
amount of uterine extract required to give 50% of the
stimulation In the initial rate of transport given by 10% serum.
In certain experiments, the transport of [3H]-3-0-methylglucose
was measured by Incubating the cells with 0.2 ml PBS
containing 0.1 mM 3-0-methylglucose (1 |iCi [^H]-3-0methylglucose) at room temperature for 7 s. Medium was
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quickly removed by suction and replaced with cold PBS. Cells
were washed twice, dissolved with 0.1% SDS and the
radioactivity was determined as described above. Transport
was shown to be linear with time for about 10 s. Transport of
galactose, 2-deoxyglucose or 3-0-methylglucose was shown to
be inhibited by 0.1 M maltose, 10 |iM cytochalasin B, 1 mM HgCl2
or 0.5 mM phloretin, known inhibitors of glucose transport, and
by the addition of 0.1 M D-glucose, galactose, 2-deoxyglucose,
3-0-methylglucose, known substrates of the glucose
transporter, but not by mannitol or L-glucose. Identical results
were obtained with all three sugars. Radioactivity was
determined in a liquid scintillation counter at 30% efficiency
[^H] and 65% efficiency [^"^C].

DNA Measurement
DNA was measured by the procedure of West et al. (105)
using the fluorescent DNA stain bisbenzimidazole (Hoescht
33258).

Statistical Treatment of Data
Data are presented as the mean ± 1 standard deviation (SD),
n > 3. Multiple comparisons were made with the Fisher least
significant difference test. If P < 0.05, the groups were considered significantly different.

Results
Stimulation of Glucose Transport
by Uterine Extracts
Attempts to demonstrate an estradiol stimulation of
glucose transport in vitro, either In uterine strips in culture or
In uterine cells in primary culture or uterine tumor cell lines,
have thus far been unsuccessful. Permanent cell lines have been
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maintained in estrogen-free media for extended periods of time
and have been exposed to estradiol at concentrations ranging
from 0.1 nM to 1 jiM for periods of up to 2 days without any
effect on glucose transport. Growth of UCS cells and primary
uterine cells was not affected by the presence of estradiol at
these concentrations during 2 weeks In the presence or absence
of serum.
We have found, however, that ovariectomized rat uterine
homogenates prepared in PBS, culture medium or 0.1 M acetic
acid contain a substance, described herein as Uterine-Derived
Transport Factor (UDTF), which can stimulate glucose transport
(Figure 2.1). Maximum stimulation occurred with about 1-2 mg
uterine extract protein per ml of medium. Uterine extracts
prepared from estradiol-treated ovariectomized rats (1
injection of 10 jig/day per rat for 4 days) had about 4 times the
total amount of activity as extracts from control animals. The
specific activity was 2-fold higher as measured as the amount
of extract protein required to give a 50% increase in the rate of
glucose transport. Uterine luminal fluid, contained only about
10-15% as much UDTF activity as in an extract of 1 uterus from
an estradiol-treated rat. Rabbit uterine extracts and bovine
uterine extracts also contained UDTF with similar specific
activities.
Transport declined when the cells were placed in serumfree medium as shown In Figure 2.2, with transport rates
decreasing to about 20-50% of the value in the presence of
serum. The lowered rate of transport remained constant for at
least 48 h (not shown). Cells remained fully viable during this
period. Addition of serum or uterine homogenate stimulated
transport during this period. The stimulation was complete
within 3 h and amounted to about 1.5- to 3.0-fold. All
stimulation experiments were performed on cells which had
been deprived of serum for 3-48 h.
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Figure 2.1. Stimulation of 2-deoxyglucose transport
in UCS cells by rat uterine extract. Extracts were
prepared by homogenizatlon of uteri in PBS, 1 uterus/ml,
from control (-A-) and estradiol-treated (-•-) rats. Uteri
were trimmed free of adhering tissue, cut transversly
into 1-2 mm segments and homogenized at full power
with a Tekmar Tissuemizer with generator S25N or 10N.
The mixture was centrifuged at 27,000 x g for 15 min.
The pellet was discarded and the supernant solution used
as indicated as the source of UDTF. Uterine luminal fluid
(-0-) (about 750 jil/uterus) was collected from the
estradiol-treated rats. Rats were Injected ip with 10 iig
estradiol or saline daily for 4 days. The dotted line
represents the stimulation of transport in the presence
of 10% serum. One SD for serum measurement was 1.1
pmol/(|ig DNA*min). Serum albumin alone (-•-) had no
effect on transport. Transport of 2-dGlc was measured
after 4-h incubation of extracts or luminal fluid with
cells as described in Materials and Methods. Identical
results were obtained with 3-0-methylglucose or with
galactose transport measurements. All transport
measurements were proportional to the initial rate of
transport.
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Figure 2.2 Time course of the stimulation of 2-dGlc
transport by UDTF. Cultures of UCS cells were deprived
of serum (-o-) at zero time and ovariectomized rat
uterine extract (1 mg/ml), prepared as described in the
legend to Figure 2.1, was added at 6 h (-•-). Cells
remained viable and responsive for at least 48 h in the
absence of serum. Similar results were obtained with
rat uterine cells in primary culture.
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Properties of UDTF Activity
UDTF activity could also be extracted by 0.1 M acids such as
sulfuric acid, HCI, acetic acid and trifluoroacetic acid (not
shown) demonstrating its stability to low pH. Neutral uterine
extracts were found to be relatively stable to heating at 60° for
10 min, showing a 23% loss in activity (Table 2.1). At 90°,
there was an 8 1 % loss in activity. Incubation of extracts (4
mg/ml) with trypsin (1 mg/ml) resulted in a 50% loss in
activity, suggesting that the activity was associated with
protein. Treatment of extracts with dextran-coated charcoal
(DCC) resulted in a 25% loss of activity suggesting that a
steroid component was not essential for activity. This
treatment was sufficient to remove approximately 95% of [^H]estradlol (not shown). Treatment with dithiothreitol had no
effect on activity.

Effect of Cycloheximide Treatment of Cells
on the Stimulation of Glucose
Transport by UDTF
It was found that cycloheximide did not prevent the
stimulation of glucose transport by uterine extracts nor did it
stimulate nor inhibit basal rates of transport (Figure 2.3). This
is similar to the finding in ovariectomized mature rats (6) that
cycloheximide did not prevent the stimulation of glucose
transport in the uterus by estradiol. These data suggest that
the stimulation of transport by the extracts did not depend on
the synthesis of protein.

Gel Filtration of UDTF Activity
Gel filtration of UDTF activity was performed on Sephadex
G-50 in 0.01 M acetic acid (Figure 2.4). Activity was extracted
from rabbit uterus by homogenizatlon in 0.1 M acetic acid. The
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TABLE 2.1
EFFECT OF VARIOUS TREATMENTS ON UDTF ACTIVITY
Treatment

Experiment 1
no extract
extract (1.2 mg/ml)
extract, heated 37°, 10 min
extract, heated 60°,10 min
extract, heated 90°, 10 min
extract, DCC-treated, 37° 1 h
Experiment 2
no extract
extract (0.82 mg/ml)
extract, trypsin treated
extract, DTT-treated

2-dGlc Transport
pmol/(|ig DNA*mln)

6.1
12.1
11.3
10.7
7.3
9.8

±
±
±
±
±
±

1.0^
0.4b
0.5b
0.9b
0.8a
2.1 ^

8.5
13.3
10.9
13.8

±
±
±
±

l.l^
1.4b
0.4c
1.9b

Table 2.1. 2-dGlc transport was measured with UCS
cells as described in Materials and Methods. Rabbit
uterine extract, prepared as described in the legend to
Figure 2.4 was added to the cells 4 h before 2-dGlc
transport measurement. Where indicated, extract was
treated with trypsin (1 mg/ml in DME) for 60 min at 37°.
Soybean trypsin inhibitor (1 mg/ml) was added at the end
of the incubation. Extract was treated with dextrancoated charcoal (0.05% and 0.5%, respectively) for 1 h at
37°. Within each experiment, values with the same
superscript were not significantly different from each
other but were significantly from those values with
different superscripts.
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Figure 2.3. Effect of cycloheximide treatment on the
stimulation of 2-dGlc transport in uterine primary cells
by UDTF. Cells were deprived of serum as described in
Materials and Methods. Cycloheximide, with (-A-) and
without (-A-) UDTF (1.0 mg/ml acetic acid extract) was
added at zero time. Transport was measured after a 4 h
incubation. Uterine extracts (UDTF) were prepared as
described in the legend to Figure 2.1. In parallel
experiments, the inhibition of pH]-Leu incorporation into
TCA-insoluble material (-•-) was measured. Data for
Leu Incorporation are shown on a scale with 100
representing 100% of the amount Incorporated without
cycloheximide.
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Figure 2.4. Gel filtration of UDTF on Sephadex G-50.
UDTF was prepared by homogenizatlon of rabbit uterus in 0.1
M acetic acid, 4 ml acid per g of tissue, as otherwise
described In the legend to Figure 2.1. The column was 1.5 x
90 cm and contained G-50 superfine. The flow rate was 18
ml/h with fractions of 6 ml collected. A peristaltic pump
was used to regulate the flow rate. The dashed line indicated
the rate of transport in control (no extract or serum). (-#-),
A280; (-•-)• dGIc transport were analyzed using UCS cells
prepared as described in Materials and Methods. The elution
volumes of standard proteins are indicated at the top of the
figure with their mol wt x 10-3. Standards were carbonic
anhydrase, 29,000; cytochrome c, 14,200; and aprotlnin,
6,500.
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activity was unpredictably unstable during storage and
chromatography under various conditions although greater stability was observed in acid. The recombination of the active
fractions with other fractions did not restore lost activity.
Instability was probably due to proteolysis or oxidation since
activity could withstand strong acidic conditions as well as
temperatures of up to 60°. Chromatography on other column
materials has resulted in nearly complete loss of activity.
Further stabilization and purification of this activity was not
attempted.

Stimulation of Transport by Insulin
and Epidermal Growth Factor
Since the apparent mol wt of UDTF Is in the range of 6-12
kDa, It is possible that UDTF is insulin or EGF, two substances
known to stimulate glucose transport which have mol wt in this
range. However, glucose transport in primary cultures of
uterine cells was not stimulated by these two factors except at
very high concentrations and to a lesser extent than UDTF
(Figure 2.5). This suggests that UDTF Is not insulin or EGF.

Discussion
An investigation of the estradiol regulation of glucose
transport has been Initiated in order to determine if estradiol
causes a change in uterine plasma membranes or in the amount
or activity of glucose transporters. In order to accomplish this,
a system utilizing uterine primary cells and uterine tumor cells
was established. However, attempts to demonstrate the
estradiol effect in vitro have failed thus far. But during the
course of these experiments. It was observed that uterine
extracts contain a low mol wt, heat- and acid-stable substance,
probably a peptide, which can stimulate glucose transport In rat
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Figure 2.5. Stimulation of transport in uterine cells
in primary culture by insulin and EGF. Rabbit uterine
extract, prepared In PBS, at 1 mg/ml, epidermal growth
factor (EGF) and insulin were added to the culture
medium in the absence of serum In the amounts
Indicated. Transport was measured after a 4-h
Incubation as described. Those values with the
superscript were significantly larger than the control
with P < 0.05.

25
uterine cells in primary culture and In hamster uterine
carcinosarcoma cells. It was further observed that the amount
of this activity Is increased after estradiol Injection. The rate
of increase in transport was the same for estradiol treatment LQ
v'VQ as with extract treatment in vitro (3-4 h for complete
expression) (6), leaving open the possibility that the
mechanisms of the stimulation of transport by estradiol in
ovariectomized rat uterus and by UDTF In uterine cells In
culture are the same.
It has been reported (6) that the stimulation of glucose
transport by estradiol in vivo occurs without synthesis of new
transporter protein. This suggests that the nuclear estradiol
receptor model should be expanded to include non-translational
mechanisms. Under current consideration Is the possibility that
there are peptide factors Involved in the estradiol response
mechanism and that the action of these factors is required in
estradiol action. In order for factors to have any involvement In
estradiol action, they must be found in the uterus and in other
estradiol-responsive tissues, they must act in response to
estradiol and stimulate glucose transport at a rate which is the
same as or faster than the response to estradiol in vivo. The
substance in uterine extracts satisfies these criteria, and, if It
is a secreted product, would be classified as a paracrine or
autocrine hormone.
Evidence for autocrine or paracrine factor involvement in
estradiol action has been provided by BIgsby and Cunha (99).
Their work has demonstrated that mouse uterine epithelial cells
at 5 days postnatal development are devoid of estradiol receptors. These cells, however, respond to estrogens as shown by
the increase in thymidine labeling presumably through the
action of a diffusible factor produced by the stromal cells,
which do contain estrogen receptors.
Failure to demonstrate in vivo estradiol effects In cultured
cells can be for many reasons. It is possible that an Intact
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nervous system Is essential. Bergamini (106) observed that
acute denervation of the levator ani muscle blocked the
testosterone stimulation of sugar uptake in vivo. It Is also
possible that estradiol causes the uptake of some essential
component from the serum which is not present In the culture
medium. Or It Is possible that estradiol causes the secretion of
some component into the medium which acts locally In vivo but
is diluted into the large volume of medium in vitro.
Preliminary evidence indicates that culture medium from
estradiol-treated cells does contain low levels of transport
stimulation activity. Uterine cells in primary culture do have
functional estrogen receptors (107). Since phenol red, a weak
estrogen (108) is not used in the media, these receptors should
be unoccupied. This suggests that receptor failure Is not the
reason for the lack of in vitro estradiol responses.
Of major interest is the identity of the substance in the
extracts which can cause the response. Sirbasku (68) has
isolated a 4 kDa peptide from pregnant sheep uterus which is
mitogenic for mammary, uterine and pituitary cells in culture.
Clearly it should be shown if UDTF is related to this factor, is
unique or is one of the other well known growth factors.

CHAPTER III
CHARACTERIZATION AND ESTROGEN REGULATION
OF GROWTH FACTOR ACTIVITY FROM UTERUS

Introduction
Estradiol Initiates a series of events In the uterus which
eventually culminates In DNA synthesis and cell division.
Estrogens are thought to produce these effects by binding to a
nuclear receptor forming a receptor-hormone complex that binds
to nuclear acceptor sites and alters transcription
(17,18,36,109). Cellular functions shown to be regulated by
estrogen include the induction of enzymes necessary for cell
proliferation such as thymidine kinase, DNA polymerase,
ornithine decarboxylase, etc. (58,110,111). Therefore It has
been assumed that estradiol acts directly via its receptor to
initiate events that result in cell division.
However, when investigators began employing systems of
explanted target tissue in culture, the mitogenic effect of
estradiol and the role of the receptor became less clear.
Attempts to demonstrate estradiol regulated growth in vitro
have met with mixed success (for review, see 55). As a result,
the involvement of other factors In the hormone response have
been proposed.
A model of negative control has been proposed (60,61)
which states that proliferation is a constltultive and dominant
property of all cells. Under physiological conditions, cells are
Inhibited from entering the proliferative phase of the cell cycle
and that estradiol cancels the inhibition by either a direct or
indirect mechanism allowing cells to divide.
Positive control of cell proliferation (64,112,113) is
described by the existence of factors (estromedins) that are
produced In a variety of tissues in response to estradiol and act
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through an endocrine, autocrine or paracrine mode to stimulate
cell proliferation.
The role of steroid hormones in autocrine/paracrine
regulation of breast tumor cell proliferation is under
investigation (for review, see 23). The evidence suggests that
estradiol acting through its receptor causes Increased
production or secretion of mitogenic factors that act locally to
regulate cell proliferation. Demonstration of estradiolregulated secretion of growth factors by a variety of estradiol
responsive cells supports this idea (72,83,86). It is possible
that the estradiol-stimulated growth of the rat uterus Is
mediated by the actions of growth factors. If so, then growth
factor activity should be found in the uterus and the
concentration regulated by estradiol. The purpose of this study
was to verify the presence of and estradiol regulation of growth
factor activity in rat uterus and to describe the characteristics
and specificity of the activity.

Materials and Methods
Materials
Rabbit and bovine uteri were obtained from Pel-Freeze
Blologicals (Rogers AR.). Radioactive [methyl-3H]-thymidine (20
Ci/mmole) was obtained from ICN Pharmaceuticals, (Irvine CA).
Other chemicals were purchased at the highest grade available
from Sigma (St. Louis, MO).

Animals
Female Sprague-Dawley rats (160-180 g) were obtained
from Small Animal Supply Co. (Omaha, NE). Ovariectomy was
accomplished through a dorsal incision while the rats were
under light ether anesthesia. Animals were not used until 3
weeks after surgery. They were maintained on Purina Rat Chow
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and water ad libitum. Animals were given 17B-estradiol (lO^g)
or 0.5 ml vehicle consisting of 5% ethanol in phosphate buffered
saline (PBS) In a single subcutaneous injection. Animals were
sacrificed by cervical dislocation and their uteri were quickly
excised, trimmed of fat and placed In cold PBS.

Cells and Cell Culture
Uterine carcinosarcoma (UCS) cells were obtained from Dr.
David Sirbasku, University of Texas Health Sciences Center at
Houston, TX. UCS cells originated from a hamster endometrial
tumor (114). A431 cells originally isolated from human
epidermoid carcinoma were kindly supplied by Dr. Roy Smith,
Baylor College of Medicine, Houston, TX. Swiss 3T3, HEC1A,
HEC1B, RL95-2, NMuMG, and H4 cells were purchased from
American Type Culture Collection, Rockville, MD. Stock cultures
were stored in liquid nitrogen. Working cultures of cell lines,
HEC1A, HEC1B, 3T3 and UCS, were grown In Dulbecco's modified
Eagles media (DME) supplemented with either 10% calf serum or
10% fetal calf serum plus additions of 25 mM Hopes, 2.2 g/l
sodium bicarbonate, 100 mg/l streptomycin sulfate, 10^ U/l
penicillin, 2.5 mg/l Amphotericin B. Cultures listed above were
maintained for at least three weeks prior to testing in phenol
red free media supplemented with calf serum which had been
treated with dextran-coated charcoal. A431 cells were
maintained in the above media with 5% serum. NMuMG cells
were maintained in DME (4.5 g/l glucose) with 10 iig/ml insulin,
10% serum and buffer and antibiotics listed above. H4 cells
were maintained in Swim's S77 and 4 mM glutamlne, 20% horse
serum and 5% fetal calf serum. RL95-2 were maintained in a 1:1
mixture of DME and Ham's F12 plus 10 ^ig/ml insulin and 10%
serum. Cultures were maintained at 37°C in a humidified
atmosphere of 95% air: 5% CO2. When cells reached confluence,
they were released from the plastic surface by exposure to
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trypsin (1 mg/ml) and EDTA (1 mM) In PBS with no calcium and
magnesium. Except where otherwise Indicated, cells were plated
in 24-well culture dishes at a density of 5-10 x 10^ cells/well
in DME with 10% serum. After 48 h or when the cells were
nearly confluent, they were growth-arrested by serum
deprivation for 24-48 h before assaying for 3H-thymidine
Incorporation.

Rat Uterine Cells in Primary Culture
Uterine cells from ovariectomized rats were prepared as
described by Muller and Wotiz (38) except that 2.5 mg/ml of
collagenase was used instead of 1 mg/ml. Cells were plated in
24-well culture dishes and grown to near confluence, usually 57 days, before growth-arrested by serum deprivation.

DNA Assay
DNA of cell monolayers was determined by fluorescence
spectroscopy using the procedure of West, et. al. (105).

Preparation of Uterine Acid Extracts
All procedures were performed at 4° C. Rat or rabbit uteri
were collected or thawed and weighed. Uteri were homogenized
in 10 mM H2SO4 at a ratio of 1 g tissue per 4 ml acid using a
Tekmar Tissumlzer (Tekmar Co. Cincinnati, OH) on high setting
with 15 s bursts until the mixture was smooth. This was
centrifuged at 20,000 x g for 60 min. The supernatant was
filtered through 2 layers of cheesecloth. The pH of this
preparation was usually around 2.5. Protein concentrations were
measured by the method of Bradford (115) using bovine serum
albumin as a standard.

31
3H-Thymidine Incorporation Assay
Growth-promoting activity of uterine extracts and column
eluates were determined by modification of a bioassay (68) that
measures the amount of 3H-thymidlne Incorporated by UCS cells
in response to varying concentrations of extracted protein. UCS
cells are plated with a density of 5-10 x 10^ cells/well In DME
with 10% serum and grown at 37° for 2-3 days. Growth was
arrested by serum deprivation for 24-48 h. Incorporation of 3 H thymldlne was conducted for a 1 h labeling period using 1
|iCi/well of [methyl-3H] thymidine, specific activity, 20
Ci/mmole. Thymidine Incorporation was terminated by addition
of 1 ml Carney's fixative (3 parts methanol, 1 part glacial
acetic acid). After 1 h of fixation, the cells were washed twice
with 1 ml each 80% methanol to remove excess thymidine. SDS
(0.5 ml of 1%) was added to each well and trays were placed In a
70° oven for 30-40 min. The contents of each well was
transferred to scintillation vials and 4.5 ml of Betaphase
(Westchem, San Diego, CA) was added. Radioactivity was
determined in a Bookman LS230 liquid scintillation counter. One
unit of growth factor activity was defined as the amount of
activity necessary to give 50% of the stimulation observed with
10% serum.

Gel Filtration Chromatography
Uterine extract was prepared as described and 10 ml was
chromatographed on a G-75-120 column (2.5 x 90 cm) and eluted
with 10 mM acetic acid at a flow rate of 40 ml/h. Protein
concentrations were determined by absorbance at 280 nm. Each
fraction was tested for the ability to stimulate 3H-thymldine
incorporation into UCS cells.
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Results
Stimulation of Growth by
Uterine Extracts
As shown in Figure 3.1, crude acid extracts of rabbit uterus
supported growth of UCS cells. The amount of growth
stimulation was directly proportional to the concentration of
uterine protein used demonstrating that extracts contained a
factor or factors that supported logarithmic growth of UCS
cells. Similar results were obtained when cell number or
increased protein per assay well was measured. Previous
experiments have shown no cytotoxic effect due to the addition
of 10 mM H2SO4 to DME in the volume range used for this assay.

Stimulation of 3H-Thymidine Incorporation
by Uterine Extracts
The time course of 3H-thymidlne incorporation into the DNA
of UCS cells Indicated maximum incorporation at 20-24 h
(Figure 3.2). Various concentrations of rabbit uterine extract
were tested for the ability to stimulate DNA synthesis (Figure
3.3). Incorporation of 3H-thymidine was dose dependent.
Extracts of murine and bovine uteri also stimulated dose
dependent 3H-thymidine Incorporation with similar relative
activity. Serum albumin and 10 nM estradiol had no effect on
Incorporation.
The relationship of DNA synthesis to the length of time
uterine extracts were in contact with UCS cells was examined.
Figure 3.4 shows that exposure of the cells to the factor during
the first 4 h resulted in maximum stimulation at 24 h.

Characterization of Acid Extracts
Uterine tissues homogenized under neutral or acid
conditions contained growth factor activity. Sulfuric acid
homogenates were slightly higher in growth factor activity than
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10-3

Figure 3.1 Growth response of UCS cells to uterine
extracts. UCS cells were plated in 24-well culture plates
at a concentration of 4.8 x 10"* cells/well and allowed to
attach in the presence of 5% serum for 24 h. Cells kept In
serum-free conditions (-o-) and cells grown in 10% serum (-) were used as controls. Acetic acid (10 mM) extract from
rabbit uterus was filter sterilized and added to media to
yield concentrations of 300 jig (-A-) and 100 ^ig (-A-)
uterine protein/ml DME. On day 0, all wells were washed
twice with PBS and medium with the appropriate additions
was added. The medium was changed every 24 h. DNA
determinations were done as described. Previous
experiments have shown DNA concentrations are directly
related to the number of live cells. Points are mean ± SD:
n=3.
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Figure 3.2 Time course of 3H-thymidine incorporation,
UCS cells were cultured and rabbit uterine extract was
prepared in 10 mM H2SO4 as described in Materials and
Methods. The medium was removed from UCS cell
monolayers and replaced with DME containing 200 iig/ml
uterine extract protein. At the indicated times,
radioactive thymidine was added to the culture wells and
the assay was completed as described. Points are mean ±
SD; n=3.
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Figure 3.3 Dose response of UCS cells to uterine
extract. UCS cells were plated in 24-well culture plates
and treated as described In Materials and Methods.
Rabbit uterine extract was prepared with 10 mM H2SO4
as described. Various concentrations of uterine protein
were tested for mitogenic activity using a 24-h 3 H thymidine incorporation assay. The dotted line
represents the amount of incorporation observed with
10% serum. Points are mean ± SD; n=3.
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Figure 3.4 Time course of extract exposure to UCS
cells. UCS cells were plated at 5-10 x 10^ cells/well.
Cells were growth-arrested by removal of serum 24 h
before the start of the experiment. At time 0, 50|ig of
10 mM H2SO4 extract of rabbit uterus was added to 1 ml
of culture media over UCS cells. At the indicated times
later, the medium was removed and the cells were
washed twice with 1 ml PBS and then serum-free DME
was placed on the cells. At 24 h from time 0, after a 1labeling period, cells were fixed with Carney's and 3 H thymidine Incorporation was measured as described.
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acetic acid homogenates. Removal of neutral lipids by acetone
extraction of freeze-dried tissue did not alter extractable
growth factor activity. The stimulation of UCS cell
proliferation was reduced by trypsin treatment of uterine
extracts and destroyed by heating at 100°C for 15 min (Table
3.1). The growth factor activity was not diminished by
treatment with dextran-coated charcoal Indicating that
proliferative activity was not a result of steroid hormones
present in uterine extracts. UCS cells have been kept in the
presence of 10 nM estradiol with no increase in cell number or
DNA above that seen in serum-free media further suggesting
that growth factor activity was not a result of the presence of
estrogens. Incubation of extracts with 5 mM dithiothreitol
( D T T ) only slightly reduced the stimulatory effect on
proliferation. Dialysis against 10 mM H2SO4 using a 1000
molecular weight cut-off membrane had no effect on activity.

Estrogen Stimulation of Growth
Factor Activity
The effect of in vivo estradiol administration on the
growth-promoting activity of uterine homogenates was
measured (Table 3.2). Estradiol administration stimulated the
growth-promoting activity of uterus to levels greater than 3fold above control values. Estradiol administration resulted in
an increase in uterine wet weight and in the amount of protein
extracted from uterine tissue. Specific activity measurements
relative to total uterine mass and extracted protein reflected
this increase. The growth-promoting activity of acid uterine
extracts was measured at various time intervals after estradiol
administration. As shown in Figure 3.5, the growth factor
activity was not increased at 12 h but was elevated 3-fold at
18 h and remained elevated through 72 h. Subsequent injections
of estradiol at 24 h intervals maintained the elevated levels of
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TABLE 3.1
CHARACTERIZATION OF ACID EXTRACTS
TREATMENT

% CONTROL

Trypsin
Heat Inact. Trypsin
5mM Dithiothreitol
Heat, 100°C for 15 min
DCC
Acid dialysis

36.9 ±5.4
93.2 ± 9.9
81.4 ± 4 . 9
15.2 ± 1.8
106.0 ± 9.8
99.4 ±8.6

Table 3.1. Uterine acid extracts were incubated
with 1 mg/ml trypsin at 37 °C for 3 h. After
incubation, 1 mg/ml trypsin inhibitor was added.
Extracts were also treated with 5 mM dithiothreitol at
room temperature for 2 h. Extracts were treated with
dextran-coated charcoal (0.5% charcoal plus 0.05%
dextran) for 60 min at 37°C. Extracts were dialyzed
against 10 mM H2SO4 using a 1000 molecular weight
cut off membrane. All treated extracts were diluted to
a concentration of 300 ^ig/ml in DME and incubated with
UCS cells for 24 h at which time 3H-thymidine
Incorporation was determined. Results are reported as
percent incorporation of untreated extracts. Results
are mean ± SD; n=3.
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TABLE 3.2
ESTRADIOL STIMULATION OF GROWTH FACTOR ACTIVITY
Relative

Activity

% Control

Units/mg extracted protein

129 ± 25

Unlts/g wet weight
Units/uterus
Extracted protein (mg)
Wet weight

248
429
325
192

±
±
±
±

27
61
36
32

Table 3.2 Ovariectomized rats were subcutaneously
injected with 10 jig estradiol and 24 h later, the uteri
were collected and homogenized in 10 mM H2SO4. Various
concentrations of uterine extract were analyzed for
thymidine incorporation into UCS cell monolayers as
described. Units of activity were determined as described
in Materials and Methods and relative activities were
calculated. Results are reported as percent of treated
versus control values. Results reflect triplicate
determinations in three separate experiments. Results are
mean ± SD: n=3.
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Figure 3.5 Estradiol stimulation of growth factor
activity. Rats were injected subcutaneously with 10 ^g
estradiol daily. At the appropriate times from initial
hormone administration, rats were sacrificed by cervical
dislocation and the uteri were excised. Acid extracts
(10 mM H2SO4) were prepared and analyzed for 3 H thymldine incorporation as described in Materials and
Methods. Assays were performed In triplicate with an
average coefficient of variation of 0.052. Growth factor
activity was determined as units/g uterine wet weight
and reported as percent of control.
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activity. In a separate experiment, after one Injection of
estradiol, the growth factor activity was elevated at 18 and 24
h and without subsequent Injections began to decline slowly. At
72 h growth factor activity was still 2-fold higher than control
values.

Tissue Specificity of Estradiol-stimulated
Growth Factor Activity
Homogenates of various tissues from control and estrogen
treated rats were examined for their ability to stimulate 3 H thymidine incorporation in UCS cell monolayers. Results were
calculated as units of activity per gram of wet tissue weight
and the amount of stimulation relative to control was
determined. As shown in Figure 3.6, the growth factor activity
in uterus, kidney, and liver homogenates was elevated above
control values with estrogen stimulation. Uterus showed the
most increase in activity (1.6-fold) while kidney and liver
responses were less (0.7-fold). Other tissues examined did not
show an increase in growth factor activity with estrogen
treatment.

Cell Specificity of Uterine
Extract Action
Since growth factor activity was enhanced in uteri of
estradiol treated rats, one could question whether the extract
would be more active on uterine or estrogen target cell types
than on non-target cell types. A variety of cell types was
selected and 3H-thymldlne incorporation was measured in the
presence and absence of uterine extracts. UCS, HEC1A, HEC1B
and RL95-2 are endometrial tumor cells, the latter three are
human origin while UCS is of hamster origin. NMuMG are normal
mouse mammary cells, H4 is a rat hepatoma cell line, 3T3 is a
mouse fibroblast and A431 originated from a human epidermoid
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Growth Factor Activity (U/g)
Fold Increase above Control
Figure 3.6 Tissue specificity of estradiolstimulated activity. Rats were injected 24 h prior to
sacrifice with 10 iig estradiol subcutaneously. Control
rats were injected with an equal volume of PBS. Tissues
were excised from control and treated rats and placed on
ice. Homogenates were prepared as described for uterine
tissue and analyzed for 3H-thymidine incorporation as
described in Materials and Methods. Assays were
performed In triplicate with an average coefficient of
variation of 0.06. Growth factor activity was
determined as units of activity/g of tissue. Values are
reported as a ratio of treated to control activity.

43
tumor. Table 3.3 Illustrates the difference between extract
treatment and basal control levels. Uterine extracts stimulated
DNA synthesis In all cell types, however, the uterine cells,
HEC1A, HEC1B and RL95 required greater amounts of uterine
protein to demonstrate even a minimal response. Mouse
mammary cells and rat uterine cells in primary culture have
shown a moderate incorporation of thymidine at lower
concentrations of extracted protein. UCS and 3T3 cells
demonstrated the greatest 3H-thymidine Incorporation with the
least amount of uterine extract. Thus there does not appear to
be a correlation between the uterine growth factor activity and
cell type specificity.

Gel Filtration of Uterine Extracts
Acid uterine extracts were subjected to molecular sieve
chromatoghaphy on Sephadex G-75. Figure 3.7 illustrates a
typical elution pattern in 10 mM acetic acid. Similar profiles
were obtained in 10 mM H2SO4. Growth factor activity was
found in a broad peak covering a wide molecular weight range of
10,000-30,000. However, the activity peak was separate from
the major absorbance peaks. If those fractions containing high
activity and low absorbance (fractions 65-80) were pooled up to
an 80-fold purification could be achieved. Further purification
strategies have been hampered by instability and low recovery.
It has been observed that growth factor activity binds to
heparin-agarose In the absence of salt and elutes in 1 M NaCI,
binds to Sulfopropyl-Sephadex at pH 5 and elutes at neutral pH,
and is precipitated with 10-50% saturated ammonium sulfate
(data not shown).
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TABLE 3.3
CELL TYPE SPECIFICITY OF UTERINE EXTRACT
Cell Type

Treatment

3H-Thym idine
Incorporation

3T3

None
100 ^ig/ml
None
100 ^ig/ml
None
500 ^ig.ml
None
100 |ig/ml
None
100 iig/ml
None
200 |ig/ml
None
500 ^ig/ml
None
200 ^ig/ml
None
100 |ig/ml

80 ±
2040 ±
26900 ±
36100 ±
67 ±
601 ±
1420 ±
2970 ±
400 ±
6850 ±
4200 ±
5010 ±
995 ±
1270 ±
6560 ±
9460 ±
428 ±
1630 ±

A431
H4
NMLAIG

UCS
HEC1A
HEC1B
RL95-2
Primary

20
260
1720
1890
24
159
269
230
107
651
129
488
102
19
1200
1490
45
94

% Control

2650
130
890
209
1710
119
128
144
381

Table 3.3 Cells were grown to near confluence then growth
arrested by serum deprivation for 24 h.. Acid uterine extracted
protein was added to the test wells at the indicated
concentration. Other wells were kept under serum-free
conditions as a control. 3H-thymidine incorporation (CPM/well)
was measured as described in Materials and Methods with one
exception; A431 cells were labeled with radioactive thymidine
for 24 h.' All other cell types were assayed with a 1-h labeling
period. Results reflect triplicate determinations. Points are
mean ± SD. All differences are significant at P<0.05.

45
1000

c
g

E
c
o

CO

o

CO
CVJ
CO

Q. _
O ^
O ^

o
o
c
CO
.a

c ^
HI

^.

o
<

CO

40

60

80

100

Fraction number
Figure 3.7. Gel filtration of uterine extract. Uterine
extract was subjected to gel filtration chromatography
on Sephadex G-75-120 column as described in Materials
and Methods. The molecular weight markers used were
ovalbumin (45 kDa) and cytochrome c (12.4 kDa). Protein
concentrations were determined from absorbance at 280
nm (-0-) and growth factor activity was determined by
3H-thymidine incorporation as described in Materials and
Methods.
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Discussion
The observations reported here demonstrate that acid
homogenates of rat uterus stimulate DNA synthesis In a variety
of cell types. The stimulation of DNA synthesis as measured by
thymidine incorporation is dose dependent and follows a time
course similar to that observed with in vivo estrogen
stimulation of endometrial cell proliferation. In addition, it has
been demonstrated that the growth-promoting property of acid
homogenates is regulated by estradiol. These results are
consistent with the hypothesis that the mechanism of estradiol
stimulation of proliferative activity In ovariectomized rat
uterus may be through the secretion of autocrine or paracrine
peptide factors and that these factors mediate estradiol
responses.
An Interest In growth-promoting activity of uterine
extracts originated from investigations on estradiol stimulation
of glucose transport of rat uterus (6). Estradiol stimulated
glucose transport In uterine membranes 2-fold within 2-3 h
after hormone administration. Attempts to produce the same
stimulation in organ strips and in primary cultures were
without success. However, when uterine extracts were added to
primary cultures or uterine tumor cells, glucose transport was
elevated 2-fold within 2-3 h (116) Thus, with two uterine
responses to estradiol (glucose transport and DNA synthesis),
the evidence suggests that estradiol stimulation of activity may
be through secretion of autocrine or paracrine peptide factors
that are found in uterine extracts.
Further evidence for involvement of peptide factors in
estradiol responses was reported by BIgsby and Cunha (99) who
found that the neonatal mouse epithelium lining the uterus is
devoid of estrogen receptors but can be stimulated to undergo
DNA synthesis In response to exogenous estrogen. The
interpretation is that the proliferative response Is mediated by
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trophic factors produced outside the epithelial cells probably by
the estrogen receptor-positive mesenchymal cells.
UCS cells and uterine cells In primary culture have failed to
show a estrogen response to DNA synthesis even when cultured
for periods longer than 3 weeks in the absence of phenol red.
Phenol red indicator has been shown to have estrogenic
properties (108). In addition, serum for cell culture has been
treated with dextran-coated charcoal to remove steroid
hormones. Employing these precautions, UCS and uterine cells in
primary culture showed no increase in DNA synthesis with
estrogen stimulation over a wide concentration range (data not
shown).
However, UCS cells and uterine cells In primary culture
demonstrate thymidine incorporation and increased DNA
synthesis when exposed to acid homogenates of rat, rabbit and
bovine uterus. The amount of proliferative activity Is directly
proportional to the concentration of uterine protein. Estradiol
administration to ovariectomized rat for 24-72 h results In acid
homogenates with greater growth-promoting activity than
control rat uterine homogenates. The increase in growthpromoting activity appears to be specific rather than a result of
Increased total protein. Estradiol administration to
ovariectomized rats results in increased wet weight due to
water Inbibtion and increased RNA and protein synthesis (3).
Total uterine DNA Is only slightly Increased with estradiol
administration. These observations support those previously
described with respect to wet weight. Estradiol treatment also
increases the amount of acid extractable protein. When growthpromoting activity of estradiol-stimulated uteri is compared to
control uteri, a greater than 400% increase in total units is
observed. The activity Is less when specific activity Is
reported relative to total uterine protein or to extractable
protein as would be expected considering the estradiol-induced
changes of these measurements. However, when activity is

48
calculated relative to uterine DNA, using values reported in the
literature (117), the ratio of estradiol to control values Is still
elevated (339 ± 48). Based on the observations, uterine growthpromoting activity is Increased by estradiol and the increase Is
not accounted for by water inbibition and uterine hypertrophy.
The growth-promoting activity of uterine extracts Is
believed to be a peptide since Its activity Is reduced by
proteolysis and heat and is not removed by treatment with
dextran-coated charcoal or by acetone extraction. The
biochemical properties of growth factor activity are similar to
a previously identified factor with the exception of molecular
weight range. Ikeda and Sirbasku (68) purified a growth factor
from pregnant sheep uterus with Mr of 4-6 kDa. Gel filtration of
uterine extracts described In this report Indicates activity is
found in fractions that elute at higher molecular weight range.
This discrepancy is probably not due to factor aggregation or
association with binding proteins since gel filtration was
performed In acid conditions that normally favor dissociation of
protein aggregates. The discrepancy could be a result of
multiple factors or differences in proteolytic activity.
The results concerning the effect of uterine extract on a
variety of uterine and non-uterine cells (Table 3.3) Indicate that
the mitogenic activity is associated with a substance(s) that
has actions in many cell types. The ubiquitous nature of this
action suggests that the substance(s) may be involved In normal
cell function.
Other in vivo studies have shown that after administration
of a single dose of estradiol to immature rats, DNA synthesis
begins to be elevated at 18 h and peaks at 24 h (118). We have
shown that after estradiol administration, growth factor
activity is elevated at 18-24 h.
The late response of
proliferative activity observed in vivo, coupled with the lack of
estradiol effect on DNA synthesis in vitro suggest that DNA
synthesis may, In part, result from estradiol induced secretion
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of growth factor(s) which act immediately to Initiate DNA
synthesis In an autocrine/paracrine manner. Replenishment of
growth factors Is indicated by the rise in growth factor activity
at 18-24 h, which if secreted, would In turn signal successive
rounds of replication. Additional experiments will be required
before the role of growth factor activity In uterine DNA
synthesis is understood, however, the kinetics observed here are
compatible with their action in steroid hormone induced cell
proliferation.

CHAPTER IV
REGULATION OF DNA SYNTHESIS IN UTERINE CELLS
BY GROWTH FACTORS AND ACID EXTRACTS

Introduction
Estradiol stimulates cell proliferation in the rat uterus in
msL' Understanding the mitogenic effect of estradiol has been
the work of many investigators. However, when measuring the
mitogenic effect of estradiol on cell cultures of uterus in vitro.
the published results have been conflicting and ambiguous. It
has been proposed and the evidence supports a model of
estradiol Induction of the secretion and production of growth
factors that act locally in an autocrine/paracrine manner to
regulate DNA synthesis. In order for this model to be correct,
the growth factors present in the uterus should be able to
stimulate DNA synthesis.
It was the intent of this study to determine the effect of
purified growth factors on DNA synthesis in primary cultures of
rat uterine cells. To accomplish this, primary cultures of rat
uterine cells were characterized and the optimal conditions for
measuring 3H-thymidine incorporation were established. The
response of selected growth factors was then measured In the
culture system. Growth factors were selected based on their
action and/or production in uterus or other estradiol or steroid
hormone regulated tissues. In addition, the response of each
growth factor was determined In the presence and absence of
acid extracted uterine protein to determine if there were
synergistic effects.
Materials and Methods
Materials
Epidermal growth factor (EGF), lot 0001 and lot 96F8862,
was obtained from Collaborative Research Inc. (Bedford MA) and
50
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from Sigma Chemical Co. (St Louis, MO), respectively. Insulinlike growth factor (IGF-I), lots 88-1035 and 87-1237,
multiplication-stimulating activity, (MSA), lot 87-1471 and
transforming growth factor -B, (TGF-B), lot 87-1307, were
purchased from Collaborative Research Inc. (Bedford, MA).
According to manufactures' specifications, IGF-I was mitogenic
for a variety of cell types in the range of 5-20 ng/ml; MSA was
mitogenic for chick embryo fibroblasts in the range of 8-250
ng/ml and TGF-B demonstrated a colony forming response with
normal rat kidney cells in the range of 0.01-10 ng/ml. Basic
fibroblast growth factor (bFGF), lot C067211, was purchased
from JR Scientific Inc. (Woodland, CA) and, according to
specifications, was mitogenic for human dermal fibroblasts in
the range of 30-300 pg/ml. Platelet-derived growth factor
(PDGF), lots 20270 and 23130 was purchased from ICN
Biomedicals Inc. (Cleveland, OH). According to the
manufactures' specifications, PDGF gave 50% maximal
stimulation in a DNA synthesis assay using Swiss 3T3 cells at
0.5 U/ml. Porcine relaxin (NIH-RXN-P1; 3000 U/mg) was
obtained from the National Hormone and Pituitary Program,
NIAMDD. Porcine pancreas insulin (24 U/mg) was purchased
from Sigma Chemical Co. (St. Louis, MO). Collagenase, Type 1,
(199 U/mg)(lot 44N6782) was purchased from Cooper
Biomedical (Malvern, PA). [methyl-3H]Thymidine (20 Ci/mmole)
was purchased from ICN Radiochemicals (Irvine, CA). Other
chemicals not listed were purchased from Sigma Chemical Co.
(St. Louis, MO)

Animals
Sprague-Dawley rats were obtained from Small Animal
Supply Co. (Omaha, NE) at 160-180 g. Ovariectomy was
accomplished through an dorsal incision while the animals were
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under light ether anesthesia. Animals were not used until 3
weeks after surgery. Frozen rabbit uterus was obtained from
Pel-Freeze (Rogers, AR).
Cell Isolation and Culture
Cells were isolated from 3 week ovariectomized rats by a
modification of the method of Muller and Wotiz (38). Briefly,
the rat uteri were excised and trimmed of fat. The uteri were
minced Into 1 mm pieces and rinsed with Hank's balanced salt
solution (HBSS), and transfered to a tube with 2.0 mg/ml
collagenase and 0.5 mg/ml DNAse In HBSS. The tube was
allowed to rotate at 37° for 30 min. After Incubation, the cells
were dispersed by pulling the tissue in and out of a pasteur
pipette 20-50 times. The fluid was filtered through a 100
micron mesh and the tissue remaining was treated with
collagenase and DNAse a second time. After the final treatment,
the fluid was filtered through the 100 micron mesh, added to
the first collection and centrifuged to remove the enzyme
solution. The cells were resuspended in Dulbecco's modified
Eagles medium (DME) with 5% calf serum and plated into 2 cm2
wells at a concentration of 5-10 x 10^ cells per well. All
primary uterine cell cultures were maintained in DME
supplemented with 5% calf serum plus additions of 25 mM
Hopes, 2.2 g/l sodium bicarbonate, 100 mg/ml streptomycin
sulfate, 105 u/l penicillin, 2.5 \iQ/\ Amphotericin B. Cultures
were maintained at 37° in a humidified atmosphere of 95% air:
5% CO2. The media was changed every 2 days and all cultures
were used within 5-7 days after isolation.

Preparation of Acid Ethanol Uterine Extracts
Acid ethanol extracts of uterus were prepared according to
a modification of the method by Daughaday et al. (119). Uteri
from estradiol treated rats were collected as described in

53
Materials and Methods, Chapter 3. Uterine tissue was
homogenized in a mixture of 87.5% ethanol and 12.5% 2N
hydrochloric acid at a ratio of 1 g tissue to 4 vol liquid.
Homogenizatlon was performed with a Tekmar Tissuemizer
using 4-15 s bursts with 15 s rests between bursts. The
homogenized tissue was centrifuged at 20,000 x g for 30 min at
4° C. The supernatant was neutralized with 0.855 M Tris base at
a ratio of 0.5 ml supernatant per 0.2 ml Tris base. A precipitate
usually formed and was removed by centrifugation at 2000 x g
for 15 min.

Radioimmunoassay (RIA) for IGF-I
IGF-I RIA was conducted by the method of Furlanetto et al.
(120), except that the nonequilibrium period was 1 h at room
temperature before adding the radioactive tracer (119), and the
incubation continued overnight at 4° C before the addition of the
second antibody. Equal volumes of acid-ethanol were added to
the standard and blank tubes. Antisera was provided by Drs. J.J.
Van Wyk and L. UndenA/ood and was distributed by the National
Hormone and Pituitary Institute, lodinated tracer was obtained
from Amersham (Arlington Heights, IL) and human recombinant
IGF-I used as standards was obtained from Collaborative
Research (Bedford, MA). Goat anti-rabbit IgG was obtained from
Sigma (St. Louis, MO) and was used in a second antibody
precipitation at 1/40 dilution in buffer with 1 % normal rabbit
serum.

Estrogen Receptor Assays
Primary uterine cells analyzed for estradiol binding by the
cytosol assay method described by Gorski (121). Briefly, cells
were harvested, broken and centrifuged for 30 s in a Bookman
centrifuge. The supernant was spun at 100,000 x g for 60 min
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to obtain a high speed supernant (HSS). HSS was combined with
various concentrations of 3H-estradiol with or without a 200fold excess of unlabeled 17B-estradiol. Samples were
incubated overnight at 4°C and then treated with hydroxyapatite
slurry. Pellets were extracted with ethanol and specific binding
was calculated.
3H-Thymidine Incorporation Assay
Incorporation of radiolabeled thymidine ([3H]-TdR) into DNA
was measured as described in Materials and Methods in Chapter
3 with the exception that primary cultures of rat uterus were
used instead of UCS cells and cells were labeled with
radioactive thymidine for 4 h.

Results
Characterization of Primary Cultures
Primary cultures of rat uterus were isolated as described in
Materials and Methods. No attempt to separate the uterine cells
into individual cell types was made. It was assumed that the
majority of cells were myometrial in origin. Typically, the
yield was approximately 25-30 x 10^ cells/uterus and the
viability was greater than 90% as judged by trypan blue
exclusion analysis. Morphologically, the cultures were mixed;
the majority of cells fibroblastic in appearance with clumps of
epithelial-like cells interspersed throughout. After 3 days, the
epithelial-like cells began to disappear or to alter their
characteristics and the cultures became more homogenous in
appearance.
The cells were cultured In phenol-red free DME with 5% calf
serum that had been treated with dextran coated charcoal. The
primary cultures were analyzed for estrogen receptors, and
were found to contain 22,200 ± 6382 receptors per cell. This is
similar to previously reported values (121). Some cultures
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were treated with estradiol over a wide concentration range
(10-6 to 10-11 M) for up to 7 days and DNA was measured
periodically (data not shown). No increase of DNA was observed
above serum-free conditions. Estradiol also had no effect on
DNA synthesis when added to 1 % serum above the controls.
These results are consistent with previous observations.

Optimization of Thymidine Incorporation
Preliminary experiments were undertaken to establish the
optimum conditions for uterine extract stimulation of thymidine
incorporation into DNA of cultured uterine cells. The time
course of 3H-TdR incorporation is depicted in Figure 4.1.
Incorporation begins to be elevated at 18 h and peaks at 24 h.
By 36 h, the rate of Incorporation returns to the initial levels.
Similar results were observed when 10% fetal bovine serum
(FBS) was used as the stimulating agent. The time course of
serum- and extract-stimulated incorporation into DNA of
uterine tumor cells (UCS) is almost identical to that of primary
cell cultures (see Figure 3.2). These time course curves are
consistent with a relatively synchronized population of cells
that undergo a single round of replicative activity during the
48-h period.
Figure 4.2 illustrates the effect of culture age on thymidine
incorporation. Cultures were most responsive to extract
stimulation on day 7 after isolation. Cultures were
significantly (P<.05) stimulated on days 5 and 9 but by day 12,
the cultures were unresponsive to extract stimulation. The
same pattern of responsiveness was observed with stimulation
by 10% FBS.
The effect of time in serum-free conditions was examined.
Figure 4.3 indicates that cells kept 24 h in serum-free
conditions are most responsive to extract stimulation and that
extended times of serum-free conditions (48-72 h) reduced the
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Figure 4.1 Time course of 3H-thymidine
Incorporation into DNA of uterine cells. Primary cultures
of rat uterine cells were prepared as described in
Materials and Methods. After 4 days, the media were
changed to serum-free DME and 24 h later, 100 jig/ml
rabbit uterine extracted protein was added to the cells.
At the indicated times, radioactive thymidine was added
to the appropriate wells and, after a 1-h labeling period,
the assay was completed as described in Materials and
Methods. Results indicate mean ± SD; n=3.
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Figure 4.2 Influence of culture age on extractstimulated thymidine incorporation Into DNA of primary
uterine cells. Primary cultures of rat uterus were
prepared as described in Materials and Methods. The
media was changed to serum-free DME 24 h before rabbit
uterine extracted protein (100 ^g/ml) was added to the
cells on the indicated days. The assay was terminated
24 h later as described in Materials and Methods. Results
reflect mean ± SD; n=3.
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Figure 4.3 Effect of serum-free conditions on
extract-stimulated 3H-thlmidine incorporation.
Primary
cultures of rat uterus were prepared as described in
Materials and Methods. Cells were cultured in DME plus
5% serum for 3 days prior to changing to serum-free
media. After the indicated times in serum-free
conditions, the cultures were stimulated with 100 |ig
/ml rabbit uterine extracted protein. 3H-thymidlne
incorporation was measured as described In Materials
and Methods. Results are mean ± SD; n=3.
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difference between control and stimulated incorporation but
did not abolish the effect.
Optimized conditions were arrived at after these and other
preliminary experiments Indicated which conditions resulted in
the greatest radioactive thymidine incorporation. The optimized
conditions are presented schematically in Figure 4.4 and
comprise a 5-day period to establish cultures, a 24-h period of
serum deprivation (starvation) followed by a 24-h treatment
with extract or other stimulating agent, the last 4 h of which is
a radioactive labeling period. A 4-h labeling period was
selected because at 4 h, the rate of thymidine incorporated is
being measured. Maximum levels of incorporation have not been
reached. All radioactive measurements were normalized to the
content of DNA per assay well. The DNA values reflect the
number of cells.

Comparison of Methods for Measuring
Thymidine Incorporation into DNA
3H-Thymidine incorporation into DNA has been assayed by
measuring the amount of radioactivity present in
trichloroacetic acid-(TCA) precipitable material in suspensions
of cells that have been released from the plastic culture dish
surface. Another commonly employed method utilizes
histological fixation of the cells to the plastic surface and,
after washing away the residual radioactivity, dissolving the
cell contents in detergent and measuring the radioactivity of
the lysed cells. Figure 4.5 Illustrates the results of a
comparison of the methods. The extent of stimulation with
uterine extract Is the same in both methods. The differences
between serum-free and stimulated levels is the same for both
methods. No differences In stimulation by uterine extracts or
10% FBS (data not shown) between the two methods was
observed.
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Figure 4.4 Schematic diagram of thymidine
incorporation in primary cultures treated with uterine
extract or growth factors. As described In Materials and
Methods, primary cultures of rat uterus were initiated
and cultured for 120 h, at which time the media was
changed to serum-free media. The cells were stimulated
with uterine extract or growth factors 24 h later.
Radioactive thymidine was added for a 4-h labeling
period prior to termination of the assay by histological
fixation as described In Materials and Methods.
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Figure 4.5 Comparison of histological fixation and
TCA precipitation methods of measuring 3H-thymldine
incorporation into DNA of primary cultures. Primary
cultures of rat uterine cells were prepared and rabbit
uterine extract (100 iig/ml) stimulation of thymidine
incorporation was measured as described in Materials
and Methods. TCA-preclpltable material was measured
from cultures of primary cells stimulated in the same
manner. After a 4-h radioactive labeling period, cells
were treated with 200 ^il trypsin (1 mg/ml): EDTA (ImM)
In PBS for 5 min. Hank's balanced salt solution
(HBSS)(500 |il) was added to the wells and the contents
were transferred to a Millipore filtration unit and
vacuum filtered through HA 0.45 jim membrane. The
wells were rinsed with 500 jil of HBSS and the filtration
process was repeated using the same membrane. The
membrane was washed 4 times with 2 ml of HBSS each.
The filter was then washed 4 times with 2 ml of TCA
each. The filter was allowed to air dry, then transferred
to a scintillation vial and dissolved with 0.5 ml
ethyleneglycol. Betaphase (4.5 ml) was added and the
assay was completed as described in Materials and
Methods. Results are mean ± SD: n=3.
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Effect of hydroxyurea on thymidine
incorporation
3H-thymidine Incorporation is a commonly used method of
measuring the replicative DNA synthetic response of a cell to
mitogens. It Is generally assumed that radioactivity
incorporated Into TCA precipitable material reflects the amount
of precursor Incorporation into replicated DNA. In order to
determine that the 3H-thymidine Incorporation assay used in
these experiments was measuring replicative DNA synthesis, an
inhibitor of replicative DNA synthesis was employed.
Hydroxyurea is widely used experimentally as an inhibitor of
DNA synthesis. It is a potent Inhibitor of ribonucleotide
reductase, the enzyme responsible for de novo production of
deoxyribonucleotldes. By supressing replicative DNA synthesis,
hydroxyurea makes It possible to detect the very small amounts
of DNA synthesis associated with repair (122). Hydroxyurea
was employed here to determine if 3H-thymidine Incorporation
measured after stimulation by serum or uterine extract is
indicative of replicative DNA synthesis as opposed to increased
repair of DNA damage. The results in Figure 4.6 show that the
levels of 3H-thymidine incorporation in the presence of
hydroxyurea are the same as the Incorporation observed without
hydroxyurea when the cells are kept under serum-free
conditions. This low level reflects incorporation under basal
conditions and includes incorporation associated with repair of
damaged DNA . When 3H-thymldine incorporation is measured in
the presence of stimulators such as uterine extract and serum,
the difference in radioactivity incorporated with and without
hydroxyurea represents the contribution of replicative DNA
synthesis to the total amount measured.
These results are supported by studies measuring total
cellular DNA in primary cell cultures. When primary cultures of
rat uterine cells are established and changed to serum-free
conditions and the DNA is measured dally, there is no difference
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Figure 4.6 Effect of 10 mM hydroxyurea on 3 H thymidine incorporation Into DNA of serum- and extractstimulated uterine cells. Primary cultures of rat uterine
cells were prepared as described in Materials and
Methods. Some of the cultures were stimulated with
either 10% FBS or 100 |ig/ml rabbit uterine extracted
protein (100 ^ig/ml EX) or were kept under serum-free
conditions (Blank). These are indicated by the stippled
bars and labeled DME. The others were kept under serumfree conditions (Blank) or were treated with either 10%
FBS or 100 ^g/ml rabbit uterine extracted protein in DME
plus 10 mM hydroxyurea. These are indicated by the solid
bars and labeled DME + OH-urea. All cultures were
assayed under the conditions described in Materials and
Methods. Results are mean ± SD: n=3.
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in total DNA for about 2 weeks until the cultures begin to lose
viability. However, during this time there is a low level of 3 H thymidine incorporation during any 24 h period. When the cells
are stimulated daily with extract or serum, DNA levels double
daily as DNA replication occurs (data not shown). Measurements
of thymidine incorporation during any 24-h period reflect this
increase.

Effect of Addition of Non-radioactive
Thymidine on Incorporation
Cellular replication occurs via de novo synthesis of
deoxyribonucleotldes (dNTP's) or by salvage of exogenous dNTP's.
Exogenous thymidine (TdR) passes the cellular membrane by
facilitated diffusion and is phosphorylated by thymidine kinases
to mono-, di-, and triphosphate and then incorporated to DNA.
Alteration of the specific activity of the intracellular pool of
thymidine triphosphates (dTTP) upon stimulation by mitogens
could effect the interpretation of 3H-TdR Incorporation data. In
order to judge the effect of changes In specific activity of TdR
pools on non-stimulated and stimulated cells, an experiment
was performed measuring the amount of 3H-TdR incorporated in
serum-free conditions, with uterine extract and with serum at
various concentrations of exogenous TdR. Figure 4.7 Illustrates
the results of that experiment. Figure 4.8 shows the ratio of
radioactivity incorporated in stimulated and non-stimulated
(blank) cells. If the stimulators selectively altered the pool
sizes and therefore the specific activity of the intracellular
pool, the results of the TdR incorporation assay would reflect
not only DNA synthesis but also the changes specific activity.
If this was the case, the ratio of radioactivity incorporated in
unstimulated (serum-free) and stimulated cells would not be
equal at all concentrations of exogenously added TdR. Figure 4.8
showed that the ratios of incorporation In cells stimulated to
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Figure 4.7 Effect of non-radioactive thymidine on
3H-thymidine incorporation of serum- and uterine
extract-stimulated uterine cells. Primary cultures of
rat uterine cells were prepared as described In Materials
and Methods. Some cells were treated with serum-free
media plus the appropriate concentration of nonradioactive thymidine (DME -o-). Other wells were
treated with 10% FBS (-o-)in DME plus the appropriate
concentrations of non-radioactive thymidine. Other cells
were treated with serum-free media with 300 jig/ml
rabbit uterine extracted protein (-•-) plus the
appropriate concentrations of non-radioactive thymidine.
Addition of 3H-thymidine occurred 20 h later and the
assay was completed as described in Materials and
Methods.
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Figure 4.8 Ratio of radioactivity incorporated by
serum- or extract-stimulated cells to blank (media
alone) cells. Calculations based on the observations
depicted in Figure 4.7 were utilized to determine ratios.
The abcissa represents the ratio of radioactivity
between stimulated and non-stimulated cells at various
concentrations of non-radioactive thymidine (ordinate).
The concentration of 3H-thymidine added 4 h prior to
assay termination is 7.2 pg/well.
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divide by extract and by serum to the incorporation of cells kept
in serum-free conditions are the same at all concentrations of
exogenous TdR. This suggests that the specific activity of the
intracellular TdR pools Is not different between stimulated
cells and unstimulated cells. Mitogenic stimulation may alter
pool sizes but not to the extent that specific activity is
selectively altered during the period of radioactive labeling and
therefore the interpretation of TdR incorporation data Is not
adversly effected.

Effect of Various Growth Factors
on DNA Synthesis
Table 4.1 shows the effect of various growth factors In the
incorporation of 3H-thymidine Into DNA of primary cultures of
rat uterine cells. Basic FGF was tested over a range of 1 pg/ml3 ng/ml. FGF is mitogenic for fibroblasts In the range of 30300 pg/ml. EGF was analyzed over a range of 1 pg/ml-1 jig/ml.
EGF is mitogenic for human dermal fibroblasts in the range of
0.1-10 ng/ml. TGFB was tested over the range of 1 pg/ml-3
ng/ml. No significant incorporation was detected with bFGF,
EGF, or TGFB. In addition, EGF, bFGF, and TGFB were tested in
the presence of 100 |ig/ml uterine extract to determine if any
of the factors could potentiate or inhibit the stimulation seen
with uterine extract. The levels of incorporation observed with
growth factors and extract combined were no different than
with extract alone (data not shown).
With certain cell types,
TGFB is reported to have a prolonged lag phase with a peak of
DNA synthetic activity at 30-36 h (125). Therefore, TGFB
effect on uterine cells was analyzed over a 40-h period with
radioactive labeling during the last 20 h. No stimulation or
inhibition of extract stimulation was observed (data not shown),
Relaxin was analyzed over a range of 0.1 ng/ml-100 |ig/ml.
Increased 3H-thymidine incorporation was observed at only the
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TABLE 4.1
EFFECT OF GROWTH FACTORS ON DNA SYNTHESIS
Effector
none
bFGF
TGFB
BGF
Relaxin
Relaxin
Extract

Cone.

3
3
1
10
100
100

ng/ml
ng/ml
ng/ml
ng/ml
ng/ml
ng/n^i

CPM/ ng DNA
1790
1760
2110
1770
2510
3730
6400

±
±
±
±
±
±
±

60
369
578
225
312
168
444

Significance

NS
NS
NS
NS
P<.05
P<.05

Table 4.1 Primary cultures of rat uterine cells were
prepared as described In Materials and Methods. 3 H thymidine Incorporation into DNA was measured after
stimulation of the cells with the growth factors listed
above. The maximum concentration used is indicated In
the table; stimulation was analyzed over a 103-fold
concentration range for each growth factor. Values
represent mean ± SD: n=3.
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highest concentration. There was no effect of relaxin on
extract-stimulated 3H-thymidine incorporation (data not
shown). Rabbit uterine extract stimulated incorporation 2.2fold. 10% FBS was used in each analysis as a positive control
and showed 4-5-fold stimulation above serum-free conditions.
The effect of PDGF on 3H-thymidine incorporation is shown
in Figure 4.9. PDGF at 1-3 units/ml stimulated incorporation
into DNA of rat uterine cells. 1 unit of pure PDGF Is equivalent
to approximatley 28 ng/ml protein.
Insulin and IGF-I were tested for the ability to stimulate
3H-thymidine incorporation into DNA of uterine cells (Figure
4.10). Both Insulin and IGF-I were capable of stimulating DNA
synthesis, as measured by 3H-thymidlne Incorporation, in the
range of 10-1000 ng/ml. Figure 4.11 shows the effect of MSA
on 3H-thymidine Incorporation. At 100 ng/ml, MSA stimulation
above control was significant at P<.05.
Figure 4.12 shows the dose response of acid extracts
prepared from rat and rabbit uterus. Acid extract from
estradiol treated rat uterus showed greater activity at lower
concentrations than acid extracts from rabbit uterus. Both acid
extracts were maximally active at 100-300 ng/ml.
Growth factors (Insulin, IGF-I, PDGF and IGF-II) shown to
stimulate 3H-thymidine incorporation in cultures of rat uterine
cells were mixed together at concentrations previously shown
to promote DNA synthesis. The mixture of growth factors
stimulated radioactive label incorporation 320% of
unstimulated levels (Table 4.2). The combination of growth
factors was also added to acid extracts of uterus. The
combination of growth factors and uterine extract stimulated
3H-thymidine incorporation 516% of control levels while uterine
extract alone stimulated only 271%. Increased stimulation was
not observed with uterine extracts at concentrations greater
than 300 \iQ/m\. The stimulation of 3H-thymidlne Incorporation
with concentrations of growth factors greater than those used
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Figure 4.9 Effect of PDGF on 3H-thymidine
incorporation. Primary cultures of rat uterine cells were
prepared as described in Materials and Methods. PDGF at the
indicated concentrations was added to the cells and
radioactive thymidine incorporated into DNA was measured
as described. The bars at the right indicate the stimulation
observed under serum-free conditions (BIk), with 100
ng/ml extracted uterine protein (extract) and with 10% FBS.
Results reflect mean ± SD: n=3.

71
lOOOOn

g
CO

8000-

o
a.
o
o

6000-

• i -

O
CO

§

^
^^
X
LU

4000-

cc

CL

•D

o

k

**H»

2000-

^

c
CO
CO

CU
I llllll

I i im

I 111 llll

1C 2 l C •1 I C "0

IC

I

win I I m n

IC^

o>
i
o
o

I IIIni|

IC 3

10

IC

Effector (ng/ml)
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incorporation of primary cultures. Primary cultures of
rat uterine cells were prepared as described in Materials
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measured as described In Materials and Methods. MSA was
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Figure 4.12 Effect of acid extracted uterine protein
on primary cultures of rat uterine cells. Primary
cultures were prepared as described in Materials and
Methods. Uterine extract was prepared from rats that
had been injected 24 h previously with a single injection
of 10 n9 17B-estradlol. Rabbit uteri were obtained from
Pel-Freeze. The uteri were homogenized in 10 mM H2SO4
at a ratio of 1 g tissue to 4 ml acid. The particulate
material was removed by centrifugation at 20,000 x g
for 30 min. The supernant was filtered through two
layers of cheesecloth. Protein determinations were done
by the method of Bradford (115) using bovine serum
albumin as standard. 10% FBS was used as a positive
control and gave a stimulation of 11506 ± 1033 CPM/ ng
DNA.
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TABLE 4.2
EFFECT OF A COMBINATION OF GROWTH FACTORS AND
UTERINE EXTRACT ON DNA SYNTHESIS
Treatment
serum-free
10% FBS
300 ng/ml Ex
Growth factors
Growth factors +
300 ng/ml Ex

CPM/ ng DNA

%

Control

290
486
653
839

100
669
271
320

10600 ± 1310

516

1990
13400
5410
6390

±
±
±
±

Table 4.2 Growth factors; PDGF (3 U/ml), IGF-I (100
ng/ml), MSA (100 ng/ml) and Insulin (0.1 ng/ml), were
combined in DME and added to the appropriate wells of
uterine cells in primary culture. Rabbit uterine extract at
300 ng/ml was added to other wells. Also, both the
combination of growth factors and uterine extract was
added together to the cultures. Thymidine incorporation
was measured as described in Materials and Methods.
Results represent mean ± SD: n=3.
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for the experiment was not attempted. It is assumed that the
level of Incorporation observed with the mixture of growth
factors is not at its peak.

Detection of IGF-I In Uterine Extracts
Previous work has shown that acid extracts of rat uterus
stimulte DNA synthesis and that the mitogenic property is
associated with a low molecular weight protein. Also estradiol
increases the mitogenic activity of uterine extracts. IGF-I is a
low molecular weight protein that stimulates DNA synthesis in
rat uterine cells in primary culture. Therefore, studies were
undertaken to determine, by immunological methods, the
concentration of IGF-I in control and estradiol treated extracts.
A single injection of estradiol resulted in an Increase In
immunoreactive IGF-I (ilGF-l) extracted from rat uterus 24 h
later. Figure 4.13 shows the results of a competitive binding
assay using antiserum to IGF-I. The plots of estradiol and
control acid ethanol extracts are parallel to the plot of IGF-I
standards Indicating the similarity between the rat and human
forms of IGF-I. IGF II, somatomedin A, and insulin are
recognized by the antiserum but with only 5%, 3%, and less than
0.0001% binding respectively (120).
Table 4.3 indicates the relative concentrations of IGF-I
present in estradiol and control uterine extracts and Table 4.4
depicts the relative Increase with estradiol administration.
Estradiol Injection results in a 500-1000% Increase of IGF-I in
uterine extracts.

Discussion
The incorporation of 3H-thymidine into DNA after
stimulation of growth-arrested cells has become a standard
method for measurement of growth factor action in cultured
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Figure 4.13 Analysis of ilGF-l in acid ethanol
extracts of estradiol-treated and control rat uteri. Rats
were injected with 10 ng 17B-estradlol or equal volume
of PBS 24 h before sacrifice. Acid ethanol extraction and
RIA was done as described in Materials and Methods. The
binding of tracer radioligand (B) In the presence of acid
ethanol extracts from estradiol-treated rat uteri
(-•-),
and control uteri (-A-) and In the presence of IGF-I
standards (-»-) is presented as a fraction of initial
binding (Bo) on a log-loglt plot. The displacement curves
for acid ethanol extracts Is plotted against the top axis.
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TABLE 4.3
EFFECT OF ESTRADIOL ON ilGF-l IN RAT
UTERINE EXTRACTS

TMT
Estradiol
Control

IIGF-I
ng/g wet wt.
ng/uterus
2050 ±~262
334 ± 3 0

236'Tl"3
23 ± 2

ng/mg extract
229"TT3
48 ± 4

Table 4.3 Rats were injected with 10 ng 17B-estradiol
or PBS 24 h before sacrificing. Acid ethanol extracts of
uteri were prepared and analysed for ilGF-l by RIA as
described in Materials and Methods. The relative
concentrations of IIGF-I were calculated from RIA data and
represent the mean ± SD: n=4.
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TABLE 4.4
RELATIVE EFFECT OF ESTRADIOL ON UTERINE
ilGF-l CONCENTRATION
RELATIVE
ACTIVITY

%CONTROL

ng IIGF-l/mg extracted protein

477

ng ilGF-l/g wet weight

611

ng ilGF-l/uterus

1020

Table 4.4 ilGF-l concentration in estradiol and control
acid ethanol uterine extracts was measured as described in
Materials and Methods. The relative concentrations of each
were calculated from the data presented in Table 5.1.
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cells (123). We have applied this technique to primary cultures
of mature ovariectomized rat uterus in order to examine the
effects of a variety of growth factors on DNA synthesis in these
cells under serum-free conditions.
The first objective was to characterize primary cultures
and to define the optimum conditions of 3H-thymidine
incorporation in response to stimulatory agents. We have
isolated cells from rat uterus that have the same morphological
and biochemical characteristics as previously reported (38).
We have found that primary cultures respond best to the
stimulatory effects of uterine acid extracts within the first 7
days after establishment of cultures. Serum-deprivation for 24
h was sufficient to elicit maximum response. Time course
studies indicated a single peak of 3H-thymidine Incorporation
24 h after stimulation suggestive of a homogeneous population
of synchronized cells. No attempt was made to determine the
percentage of cells in a particular culture that were stimulated
to divide.
The experiments involving hydroxyurea and non-radioactive
thymidine indicated that radioactive label was incorporated into
replicative DNA. Reports In the literature indicate that the rate
of incorporation of dTTP into DNA depends on the pool size and
the specific activity of the dTTP pool during the period of
radioactive labeling. It has been suggested that pool sizes of
deoxyribonucleotide triphosphate change during the Gi to S cell
cycle transition (124). We tested the effect of unlabeled
thymidine on 3H-thymlndine incorporation into DNA in
unstimulated (serum-free) and stimulated cultures of rat
uterine cells. The constant ratios of counts incorporated in
stimulated versus unstimulated cultures suggest no selective
incorporation of radioactive label in those cells stimulated to
proliferate. The ratios were constant with added unlabeled
thymidine suggesting that dilution of specific activity of dTTP
pools is similar in stimulated and unstimulated cell cultures.
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Cultures of rat uterine cells show no increase in DNA or 3 H thymidine incorporation In response to a wide range of estradiol
concentration (lO-^tolO-n M) over a 3-10 day period after
establishment of cultures. These results have been reported
previously and constitute a paradox between In vivo and in vitro
observations. We have shown that acid extracts of rat uterus
contain one or more substance(s) which are increased after
estradiol treatment and that this substance(s) can effect
glucose transport and DNA synthesis in cultured uterine tumor
cells in much the same way that estradiol effects these
processes in vivo. From these observations and others, we have
assumed the model that estradiol induces production and
secretion of positive growth effectors that act In an
autocrine/paracrine manner to effect cellular processes such as
glucose transport and DNA synthesis.
The present studies were undertaken to determine the
effect, if any, of a variety of growth factors on 3H-thymidine
incorporation In cultures of rat uterus. The relationship of
mitogenicity of purified growth factors to the mitogenicity of
acid extracted uterine protein was also examined.
TGFB, EGF and bFGF did not stimulate DNA synthesis in
primary cultures of uterine cells. Reports indicate that TGFB
has both stimulatory and inhibitory effects on cell proliferation
depending on cell type and experimental conditions. It is
generally inhibitory to epithelial cell types especially If they
are responsive to EGF and is stimulatory to fibroblasts (125).
The effect of TGFB on uterine cells has not been previously
reported, however, TGFB does Inhibit EGF stimulation of
granulosa cells (89) and can regulate granulosa cell
steroidogenesis. TGFB is reported to stimulate anchorageindependent growth of many cells in soft agar but the
mitogenicity is compromised under anchorage-dependent assay
conditions (126). No attempt to analyze the effect of TGFB on
anchorage-independent growth of uterine cells was made.
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FGF has been shown to be stimulatory to BALB/c 3T3
fibroblasts (127) and its expression or the presence of active
FGF has been associated with many other cell types (128).
Gospodarowicz suggested that uterine-derived growth factor
(68) is synonymous with bFGF. Although, stimulatory for many
cell types, no effect on DNA synthesis could be shown with FGF
in primary cultures of uterine cells.
The results of EGF on uterine cells in primary cultures were
most unexpected. EGF concentrations In immature mouse uterus
have been reported to be elevated after 7 sequential estradiol
injections, but not 24 h after a single injection (72). In another
report, mature mice, after receiving a single injection of
estradiol, show a rapid (within 15 min) increase of uterine EGF
but the concentrations fall to control levels by 30 min (129).
EGF in rat luminal fluid is Increased after estradiol treatment
20 days prior to sacrifice (130). EGF receptors are found in
immature rat uterus and are under estradiol regulation (131).
Localization of EGF receptors to all major cell types within the
rat (132) and human (133) uterus has been reported. Tomooka et
al., (50) have reported that primary cultures of epithelial cells
from immature CD-I mice are responsive to EGF stimulation of
cell proliferation. Our results consistently showed that primary
cultures of ovariectomized rat uterus do not respond to EGF
under several experimental conditions. No attempt was made to
determine if these cultures contain EGF receptors nor was any
attempt made to isolate individual cell types from the uterus.
The discrepancy may be a result of the difference between
immature and mature rodents or may be because the cells we
have Isolated did not contain adequate EGF receptors. However,
EGF did stimulate glucose transport in primary cultures of
uterine cells albeit at high concentrations (see Figure 2.5).
Further experiments will be needed to explain this observation.
Relaxin (1-30 ng/animal) has been reported to have
uterotropic effects when injected into immature and mature
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rodents (134,135). Estrogen priming enhanced relaxin's effect.
Receptors for relaxin have been Identified in both the
myometrium and endometrium and are under estrogen regulation
(136). Relaxin has a stimulatory effect (207% of control) at
high concentrations when assayed for 3H-thymidine
incorporation In primary cultures of rat uterus. Relaxin has
been shown to have little homology to insulin but it can adopt a
conformation Identical to that of insulin (137). The insulin-like
activity of relaxin may be due to Its ability to cross-react with
the IGF receptor at high concentrations.
MSA, the rat homologue of human IGF-II (138), is slightly
mitogenic for rat uterine cells at 100 ng/ml. Since there has
been reported (139) as much as 10-100% cross-reactivity of
IGF-II with the type I IGF receptor, the stimulation seen here is
probably a result of cross-reactivity.
PDGF, IGF-I, and insulin were stimulatory for DNA synthesis
in cultured rat uterine cells. Insulin (0.1 to 10ng/ml) is
reported to stimulate growth of almost all cell types in culture
and is often used as a supplement in serum-free media (140). It
has been found to be stimulatory to uterine cells in that range.
When insulin (1-100 ng/ml) is added to 100 ng/ml of uterine
extract, the level of stimulation Is greater than either alone and
nears that seen with 10% FBS Indicating that the stimulatory
substance(s) in uterine extracts is probably different from
insulin.
IFG-I stimulated rat uterine cells in the range of 10-100
ng/ml similar to mitogenic effect on other cell types (141).
IGF-I, in the presence of 100 ng/ml uterine extract, stimulated
3H-thymidine Incorporation to levels greater than either alone
(data not shown), suggesting a synergistic effect with IGF-I and
the substance(s) in uterine extract. IGF-I expression after
estradiol is Increased in Immature rat uteri (142,143) and
immunoreactive IGF-I is elevated In acid extracts of estradioltreated immature (142) and mature (Figure 4.13) rat uteri.
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One might question whether estradiol treatment resulted in
an increase In local IGF-I synthesis rather than an increased
delivery of IGF-I to the uterus from the plasma. A well
documented response to estradiol Is Increased blood flow to the
utreus. Also, Murphy et al. (143), measured serum levels of
IGF-I In rats and found them to be higher than acid extractable
uterine levels. Several lines of evidence argue against
circulating factors being brought In by the increased blood
supply. Estradiol Injection Into one uterine horn stimulates
DNA synthesis on that side but not on the contralateral side
(144) suggesting the mitogenic stimulation does not result
from a circulating factor. Also, estradiol induces IGF-I gene
expression In uterine tissue 14-fold but has no effect on
hepatic or renal IGF-I gene expression and well as no effect on
circulating serum levels (142,143).
PDGF was also mitogenic for uterine cells in the same range
as reported for other cell types. When uterine extract (100
ng/ml) was added to PDGF (3 units/ml), the extent of
stimulation was greater than the stimulation by 100 ng/ml
extract alone. This suggests that the stimulatory substance(s)
In uterine extract is probably different from and/or enhanced by
PDGF.
In summary, the positive effectors of DNA synthesis in
primary cultures of rat uterus are Insulin, IGF-I, PDGF and
possibly MSA and relaxin. Insulin, MSA and relaxin may be
exerting their effects through cross-reactivity with the type I
IGF receptor. Immunoreactive IGF-I was elevated in estradiol
treated uterine extracts above control levels. Factors that had
no effect under the conditions used here include FGF, TGF-B, and
EGF. When the positive effectors were combined and added to
uterine extract (Table 4.2), the level of stimulation was greater
than the maximal stimulation with extract alone and approached
that seen with 10% FBS. In this experiment, greater
concentrations of uterine extract did not result in increased 3 H -
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thymidine Incorporation There are several explanations for this
observation. There may be a factor present in the mixture of
growth factors that Is not present in uterine extract, there
maybe a factor present in the mixture that potentiates a
substance present in uterine extract, or the mixture may contain
a factor that cancels an inhibiting factor present in uterine
extracts. Also, It is possible that growth factors stimulate a
different population of cells than do uterine extracts. Further
experiments will be needed to determine the role of growth
factors in uterus both in vivo and in vitro. However, the results
reported here are compatible with the model of estradiol
induction of the production and secretion of growth factors
which locally effect uterine cell proliferation through
autocrine/paracrine action.

CHAPTER V
SUMMARY

A study of the effect of acid extracts on glucose transport
and DNA synthesis In rat uterine cells and in uterine tumor cells
was undertaken. Glucose transport was measured by the
accumulation of 2-deoxyglucose phosphate In uterine
carcinosarcoma (UCS) cells and in primary cultures of rat
uterine cells under conditions optimal for transport.
DNA
synthesis was measured as 3H-thymidine Incorporation into DNA
of the same cells. Acid extracts stimulated glucose transport
1.5- to 3.0-fold with maximum transport occurring 2-3 h after
exposure of cells to acid extracts. DNA synthesis was
stimulated 2-3-fold in primary cultures of uterine cells and 16fold in UCS cells. In both cell systems, the time course of
Incorporation was Identical with a peak of stimulatory activity
at 18-24 h after exposure. Glucose-stimulatory activity and
growth-promoting activity were acid and heat stable, were
reduced by trypsin and were not effected by treatment with
dextran-coated charcoal. Glucose transport activity eluted in
6-12 kDa range on Sephadex G-50 while growth-promoting
activity showed molecular weight heterogeneity In the 10-30
kDa range on Sephadex G-75. Though the properties of the two
stimulatory activities were not identical, they were similar and
appeared to be low molecular weight proteins. Polypeptide
growth factors are low molecular weight peptides that
stimulate glucose transport and DNA synthesis as well as many
other cell processes in many different cell types. It is possible
that the stimulatory activity in acid extracts of uterus was a
result of the activity of one or more growth factor.
The role of estradiol in regulation of stimulatory activity
was investigated. Estradiol treatment increased glucose
transport activity 4-fold while the DNA synthetic activity was
85
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Increased 3-fold. Estradiol has been shown to be Involved in the
regulation of secretion of growth factors from mammary tumor
cells and granulosa cells In vitro. The observed increase in
stimulatory activity of uterine extracts after treatment with
estradiol is consistent with the model of regulation of hormone
induced response through Increased production of growth
factors that act locally via an autocrine/paracrine mode to
effect cellular processes.
The regulation of DNA synthesis In primary cultures of rat
uterine cells by growth factors was also investigated. EGF,
bFGF, and TGFB had no effect on 3H-thymidine incorporation
under optimal conditions. Relaxin and MSA demonstrated an
effect only at high concentrations, 207% of control at 100ng/ml
and 175% of control at 100 ng/ml, respectively. Insulin
stimulated incorporation 350% at 100 ng/ml, IGF-I stimulated
incorporation 300-400% at 10-100 ng/ml, and PDGF stimulated
incorporation 450% at 3 units/ml. When the positive effectors
(insulin, IGF-I, IGF-II, and PDGF) were analyzed either combined
or individually in the presence of uterine extract, the level of
stimulation observed was greater than the maximum
stimulation observed with extract alone. There are several
explanations for this. There may be a factor present In the
mixture of growth factors that is not present In uterine extract,
there may be a factor present in the mixture that potentiates a
substance in uterine extracts or the mixture may contain a
factor that cancels an inhibiting factor present in uterine
extracts. Also, since uterine cultures are presumably a mixed
cell population, It Is possible that each factor or the
combination of factors stimulate proliferation in a selective
population different from that stimulated by uterine extract.
Further experiments will need to be done before the role of
growth factors In the regulation of DNA synthesis Is completely
understood, but the results here are compatible with the
hypothesis.

87
In parallel experiments. Lutz and Garner (145) Investigated
the regulation of glucose transport in primary cultures and in
UCS cells by the same set of growth factors. Glucose transport
in primary culture (145) was stimulated by bFGF, EGF, PDGF,
IGF-I and insulin. However, with glucose transport, the
concentration of IGF-I required for activity was 100 times that
required for Insulin, so it appeared that IGF-I was acting
through the insulin receptor. bFGF was the most potent
stimulator of glucose transport in UCS cells with 50% maximum
stimulation observed at 97 pg/ml.
The relative effect of estradiol on IGF-I was investigated.
Radioimmunoassays were employed to determine the realtive
concentrations of IGF-I. IGF-I in uterine extracts is increased
after estradiol.
In conclusion, estradiol increased the growth-promoting
activity and glucose transport-stimulating activity of uterine
extracts. IGF-I was a positive stimulator of DNA synthesis in
primary uterine cultures and was elevated in uterine extracts
after estradiol treatment. IGF-I may be involved in the
stimulation of DNA synthesis In rat uterus by estradiol.
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